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The use of unmanned aerial vehicles to assess the spatial and temporal
dynamics of seals at Martin Islet (NSW)
Abstract
The increasing anthropogenic influence on natural ecosystems has led to shifts in species geographic
range, dispersal patterns and livelihood, thus providing significant challenges for environmental
managers. Unmanned aerial vehicles (UAVs) show a unique potential for achieving non-disruptive surveys
of marine mammal populations on offshore islands. This technology allows scientists to access and
collect information in coastal environments that would otherwise not be possible. UAVs capture quick
and continuous high-resolution data across the entirety of a site, often at a reduced cost and risk
compared to light aircraft and satellite technologies. Situated 1.35 km off the coast of Port Kembla,
Martin Islet is a haul-out site for the vulnerable Australian and Long-nosed fur seals. Haul-out sites are
important for these species as they allow seals to rest when foraging and avoid predation. This study
aimed to investigate temporal variation, spatial distribution and habitat suitability of the fur seal
population at Martin Islet. UAV and boat surveys were completed each month from March to August, with
additional, more frequent, aerial surveys conducted every two hours to investigate diurnal haul-out
behaviour. An evaluation of in-situ and aerial techniques for surveying seals was conducted to determine
the most appropriate methodology for Martin Islet. To statistically evaluate the uncertainty associated
with counting seals from visual RGB images and thermal infrared images, seal counts were made by two
groups of volunteers on an RGB and thermal image respectively.
The results of this study provide the first empirical evidence of fur seal haul-out behaviour at Martin Islet,
revealing temporal seasonal similarities to other haul-out sites within NSW (e.g. Montague Island and
Steamers Head). The study found that the seal population at Martin Islet increased in size from a few
individuals in March to a peak of approximately 103 seals in late July. A notable increase in observed seal
numbers in July and August corresponded with a decrease in seawater temperatures to approximately
16.7°C. This correlates with favoured foraging conditions of the Australian fur seal in the literature. On a
diurnal scale, seals hauled out in greatest numbers around midday, while the number of seals in the water
peaked at sunrise and decreased over the course of the day.
As a methodological approach to population assessment, our results suggest that UAV-based surveys are
more accurate in identifying seals on Martin Islet, particularly as the number of seals hauled out
increases. During July and August where the UAV surveys saw a large increase in seal numbers, the boatbased approach recorded just 52% and 37% of the seals observed using a UAV. The variable topography
of Martin Islet resulted in a greater degree of uncertainty when identifying seals using thermal imagery
compared to RGB imagery. The observer’s ability to distinguish seals from the surrounding landscape was
hindered due to the rocky surfaces of the islet heating up in the sun and emitting thermal signals that
were often similar in shape to the seals. The range in the number of seals estimated was substantially
higher among participants analysing the thermal image (226) compared to the RGB image (29).
The spatial distribution of seals across Martin Islet displayed positive spatial autocorrelation and appears
to depend primarily on the topographic characteristics of the islet (R2 = 0.77). Throughout the study, fur
seals tended to haul out in groups, favouring the southern coastline of Martin Islet, on relatively uniform
areas of low elevation that are easily accessible from the water. Most of the seals hauled out on rock
platforms with elevations below 4 meters and within 12 meters of the shore. Three major zones,
consisting of statistically significant spatial clusters of seal observations, were identified through the hot
spot analysis, covering a combined area of 2016 m2. These zones are situated in the southern corners
and north-west portion of Martin Islet. It is hoped that the maps developed in this study are used to guide
conservation and help assess potential human and environmental impacts on the islet’s seal population.
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Abstract
The increasing anthropogenic influence on natural ecosystems has led to shifts in species geographic
range, dispersal patterns and livelihood, thus providing significant challenges for environmental
managers. Unmanned aerial vehicles (UAVs) show a unique potential for achieving non-disruptive
surveys of marine mammal populations on offshore islands. This technology allows scientists to access
and collect information in coastal environments that would otherwise not be possible. UAVs capture
quick and continuous high-resolution data across the entirety of a site, often at a reduced cost and
risk compared to light aircraft and satellite technologies. Situated 1.35 km off the coast of Port
Kembla, Martin Islet is a haul-out site for the vulnerable Australian and Long-nosed fur seals. Haul-out
sites are important for these species as they allow seals to rest when foraging and avoid predation.
This study aimed to investigate temporal variation, spatial distribution and habitat suitability of the
fur seal population at Martin Islet. UAV and boat surveys were completed each month from March to
August, with additional, more frequent, aerial surveys conducted every two hours to investigate
diurnal haul-out behaviour. An evaluation of in-situ and aerial techniques for surveying seals was
conducted to determine the most appropriate methodology for Martin Islet. To statistically evaluate
the uncertainty associated with counting seals from visual RGB images and thermal infrared images,
seal counts were made by two groups of volunteers on an RGB and thermal image respectively.
The results of this study provide the first empirical evidence of fur seal haul-out behaviour at Martin
Islet, revealing temporal seasonal similarities to other haul-out sites within NSW (e.g. Montague Island
and Steamers Head). The study found that the seal population at Martin Islet increased in size from a
few individuals in March to a peak of approximately 103 seals in late July. A notable increase in
observed seal numbers in July and August corresponded with a decrease in seawater temperatures to
approximately 16.7°C. This correlates with favoured foraging conditions of the Australian fur seal in
the literature. On a diurnal scale, seals hauled out in greatest numbers around midday, while the
number of seals in the water peaked at sunrise and decreased over the course of the day.
As a methodological approach to population assessment, our results suggest that UAV-based surveys
are more accurate in identifying seals on Martin Islet, particularly as the number of seals hauled out
increases. During July and August where the UAV surveys saw a large increase in seal numbers, the
boat-based approach recorded just 52% and 37% of the seals observed using a UAV. The variable
topography of Martin Islet resulted in a greater degree of uncertainty when identifying seals using
thermal imagery compared to RGB imagery. The observer’s ability to distinguish seals from the
surrounding landscape was hindered due to the rocky surfaces of the islet heating up in the sun and
emitting thermal signals that were often similar in shape to the seals. The range in the number of seals
estimated was substantially higher among participants analysing the thermal image (226) compared
to the RGB image (29).
The spatial distribution of seals across Martin Islet displayed positive spatial autocorrelation and
appears to depend primarily on the topographic characteristics of the islet (R2 = 0.77). Throughout the
study, fur seals tended to haul out in groups, favouring the southern coastline of Martin Islet, on
relatively uniform areas of low elevation that are easily accessible from the water. Most of the seals
hauled out on rock platforms with elevations below 4 meters and within 12 meters of the shore. Three
major zones, consisting of statistically significant spatial clusters of seal observations, were identified
through the hot spot analysis, covering a combined area of 2016 m2. These zones are situated in the
southern corners and north-west portion of Martin Islet. It is hoped that the maps developed in this
study are used to guide conservation and help assess potential human and environmental impacts on
the islet’s seal population.
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1.

Introduction

1.1

Background

The Five Islands Nature Reserve is situated off the coast of Port Kembla, New South Wales and
encompasses a group of islands that cover a combined area of 26 hectares (0.26 km2) (Figure 1.1). The
Five Islands Group reaches up to 3.5 km offshore and is made up of Rocky Islet, Big Island, Martin Islet,
Flinders Island and Bass Islet. Big Island is sometimes split into Big Island I and Big Island II due to the
pair being connected by a rocky isthmus (Figure 1.1). Unless specified, mention of Big Island will refer
to both Big Island I and Big Island II. Australia is home to numerous coastal islands, each providing
habitat and breeding opportunities for unique flora and fauna, including endemic species. Due to the
geographic isolation of islands, they are in a sense protected from terrestrial threats, however, they
are vulnerable to other threats such as disease outbreaks and invasive species (Mills 2014). Isolation
means islands are often not equipped to recover from such threats as these populations are usually
not large enough and have not evolved among the same competitors and predators. The increasing
anthropogenic influence on natural ecosystems has led to shifts in species geographic range, dispersal
patterns and livelihood, thus providing significant challenges for environmental managers
(Shaughnessy 1999). The effect of humans on natural systems is especially noticeable on coastal
islands as their unique setting can make analysing changes in flora and fauna populations easier. Five
Islands Nature Reserve has held a history of human influences. Aboriginal connections have included
Dreamtime stories, occupation, ceremonies, hunting and gathering. Impacts from early Europeans
includes dedicated legal protection as a Nature Reserve and on-ground conservation work to manage
the seabird habit.

1.2

Geology of the Five Islands

The igneous rocks making up the islands were produced in a volcanic flow known as the “Gerringong
Volcanics” during the Permian about 250 million years ago (NSW National Parks and Wildlife Service
2005). Big Island, Martin Islet and Bass Islet are all part of the Dapto Latite Member, which composes
of two porphyritic latite volcanic flows alternated with breccia. The origin of Flinders Island is
contested; however, it is believed to be composed of either Five Islands or Bombo Latite Member
(Carr 1983; Chalmers 1941). Martin Islet is composed of severely jointed dolerite while Rocky Islet
originates from the Broughton Formation of which produced volcanic sandstones (Smith & Battam
1998; NSW National Parks and Wildlife Service 2005).
The Five Islands Group are considered continental islands as they were historically adjoined to the
mainland (Mills 2015). A rise in sea levels during the last 18000 years has led to the islands becoming
separated from the mainland (NSW National Parks and Wildlife Service 2005). The isthmus between
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Big Island I and Big Island II was formed from differential weathering and their separation was
suggested by Davis et al. (1938) to have occurred approximately 4000 years ago.

Figure 1.1: Top) Image of Martin Islet captured with a UAV on 23 July 2019. Bottom) Location of Martin Islet within Five
Islands Nature Reserve on the southeast coast of New South Wales, Australia.
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1.3

History of Five Islands

1.3.1

Aboriginal Significance of the Five Islands

The Five Islands group continues to hold significant importance for the Dharawal people, the
traditional custodians of the land on which this nature reserve sits as well as the wide-ranging stretch
of landscape from Botany Bay to Jervis Bay, New South Wales (NSW National Parks and Wildlife Service
2005). The local Illawarra Aboriginal community associate the islands to historical Aboriginal culture,
with the Five Islands playing an important role in various Dreamtime stories (Organ and Speechley
1997). Despite eventual isolation of the islands from the mainland and successive erosion, evidence
of Aboriginal association with the islands is shown in the presence of stone artefacts and shell middens
uncovered on Big Island I (NSW National Parks and Wildlife Service 2005). Similar features that
demonstrate Aboriginal use of the land can be seen at Hill 60, on the mainland adjacent to Big Island.
The Aboriginal cultural values and history has been and continues to be protected through the
management of Five Islands Nature Reserve by the NSW Parks and Wildlife Service. The restriction of
the islands from public access has played a role in indirectly preserving the remains of Aboriginal land
use and artefacts (NSW National Parks and Wildlife Service 2005).

1.3.2

European settlement

The first known sighting of the Five Islands by European explorers was by Captain James Cook in 1770.
Due to the distance at which Cook observed the Islands, he was unable to distinguish between the
mainland, Big Island and Martin Islet, resultingly calling what he saw Red Point. Later, in 1796, the
three islands were named Martin Isles after William Martin, one of a crew of three including Matthew
Flinders and George Bass who anchored by the islands (Flinders 1799). The adjacent point on the
mainland subsequently took the name Red Point and Martin Islet held part of the name given to the
island group. Around the same time, the two northernmost islands of the Five Islands Group (Flinders
Island and Bass Islet) were named after the other two crew members Matthew Flinders and George
Bass (Mills 2015).
By 1861, Big Island had experienced the introduction of cattle and rabbits which grazed on the island.
In the period from 1866 to 1871, Edward Perkins and his family occupied Big Island and disrupted the
largely native land (NSW National Parks and Wildlife Service 2005). Perkin’s grazing cattle and goats
destabilised the soil on the island and the introduction of Buffalo Grass (Stenotaphrum secundatum)
signalled the beginning of noticeable anthropogenic impacts on Big Island (Mills 2015). In 1925, a
mining lease was granted for the following twenty-two years, which permitted the removal of shell
grit from Big Island, with the extracted lime from the grit being used to produce cement. It is believed
that Aboriginal middens may have made up portions of the extracted shell grit (Mills 2015). Despite
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past impacts already imposed on Big Island from early European settlers, the group of islands were
listed as nature reserve in June 1960.

1.4

Conservation of Five Islands Nature Reserve

Following the listing of the Five Islands as a nature reserve in 1960, the NSW National Parks and
Wildlife Service (NPWS) have sought to protect the high biological and cultural heritage values of the
islands. The islands are of significant importance to breeding seabirds, with Big Island supporting the
largest proportion of birds across the reserve. Bird species include the Short-tailed Shearwater
(Ardenna tenuirostris), Wedge-tailed Shearwater (Ardenna pacifica), Sooty Oystercatcher
(Haematopus fuliginosus), Crested Tern (Sterna bergii), White-faced Storm-petrel (Pelagodroma
marina) Silver Gull (Larus novaehollandiae), Australian Pelican (Pelecanus conspicillatus, Figure 1.2B)
and Little Penguin (Eudyptula minor, Figure 1.2A) (NSW National Parks and Wildlife Service 2005). The
Big Island Seabird Habitat Restoration Project was initiated in 2014 and seeks to restore seabird
breeding habitat through the eradication of weeds and management of native flora (Roder 2017;
Barlow 2018). Classified as a Category 1a “Strict Nature Reserve”, by the International Union for the
Conservation of Nature and Natural Resources (IUCN), access to the Five Islands is restricted to NSW
NPWS staff, volunteers and authorised researchers. A small beach on the western side of Big Island I
allows for boat landing in small swells, however, the other islands do not have beaches and landing is
often too difficult and dangerous. Martin Islet has had NPWS staff and researchers access the islet
(Rowena Morris 2018, Ranger of Five Islands Nature Reserve, personal communication, 18 November).

Figure 1.2: A) Photograph of Little Penguin (Eudyptula minor) survey conducted in September 2018 as part of ongoing
management of seabird habitat on Big Island I (Pictured: Luis Esteban, Photograph credit: Rowena Morris). B) Photograph of
Australian Pelicans (Pelecanus conspicillatus) with young on Big Island II (Photograph credit: Reid Formosa).
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1.5

Martin Islet Flora and Fauna

Martin Islet covers an area of 23.3 hectares and is situated 1.35 kilometres off the Port Kembla
coastline (Figure 1.1). Overall, the islet exhibits rugged terrain, similar to that of Big Island II, displaying
only a small amount of vegetation. Vegetation surveys have identified a dominance of introduced
shrub Bitou Bush (Chrysanthemoides monilifera rotundata) and the New Zealand Mirror Plant
(Coprosma repens) on the north-eastern plateau of the islet (Carlile 2019). A number of seabirds are
known to breed on Martin Islet at different times of the year. These species are the Sooty
Oystercatcher (Haematopus fuliginosus), Little Penguin (Eudyptula minor), Wedge-tailed Shearwaters
(Ardenna pacifica), Crested Tern (Sterna bergii), Silver Gull (Larus novaehollandiae) and Australian
Pelican (Pelecanus conspicillatus) (NSW National Parks and Wildlife Service 2005). A survey by Carlile
(2019) in September 2016 reported that Little Penguins were no longer breeding on the islet.

1.5.1

Fur seals on Martin Islet

Fur seals have been observed on Martin Islet, however, no studies have concentrated on seals
specifically and as a result, apart from anecdotal information, little is known about the marine
mammals that visit the islet (Figure 1.3). The present study is concerned primarily with the Australian
fur seal (Arctocephalus pusillus doriferus) and Long-nosed fur seal (Arctocephalus forsteri) as these
species are known to occupy waters along the NSW coastline (McIntosh et al. 2018b, Kirkwood &
Goldsworthy 2013). The Australian fur seal is the only species that has been identified on Martin Islet
through observations (Carlile 2019). The seals generate commercial income for recreational dive
operations based in Sydney (Abyss Scuba Diving) and Wollongong (United Divers), who maintain a
boat at Port Kembla and take divers to Martin Islet from July until early September. It is unknown
when seals began to occupy Martin Islet, however, dive operations have been occurring for about 10
years (Abyss Scuba Diving 2019, personal communication, 24 July).

Figure 1.3: Photograph of Australian fur seals (Arctocephalus pusillus doriferus) on the south-eastern platform of Martin Islet.
Note the tendency of seal colouring to match the rock platform on which they settle, making them difficult to see (Photograph
credit Victor Hawk).
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1.6

Aims and Objectives

Fur seals are increasingly observed along the NSW coastline, including Illawarra beaches and
nearshore islands. While research has been conducted on the fauna and flora of Big Island, little has
been conducted on Martin Islet, and no direct studies have looked at seals, despite the Australian and
Long-nosed fur seal being regarded as a Vulnerable species within NSW. In this project, seal spatial
and temporal distribution on Martin Islet is mapped using remote sensing and geographic information
systems (GIS) techniques. It is hoped that the data and maps produced may be used to inform
potential future management strategies, aid further research on Martin Islet and increase our
understanding of the seals. This project specifically aims to:

1.7

•

Determine the temporal variation in the number of seals on Martin Islet (at both daily and
monthly scales)

•

Map the spatial distribution of seals on Martin Islet over a period of 6 months

•

Investigate the effectiveness of boat and UAV methods of surveying seals at Martin Islet

•

Compare the accuracy of thermal and RGB sensors in surveying seals using UAVs

•

Use spatial analytical techniques, including spatial regression and hot spot analysis, to
investigate seal habitat suitability at Martin Islet

Seals of Australia

Australian and surrounding waters are home to a total of 10 seal and sea lion species (Kirkwood &
Goldsworthy 2013) (Table 1.1). These carnivorous marine mammals are members of the order
Pinnipedia, which consists of three families; Ortariide (fur seals and sea lions), Phocidae (true seals)
and Odobenidae (walruses) (Reynolds & Rommel 1999) (Figure 1.4). Only the Australian fur seal
(Arctocephalus pusillus doriferus), Long-nosed fur seal (New Zealand fur seal) (Arctocephalus forsteri)
and Australia sea lion (Neophoca cinereal) typically occupy and breed within Australian mainland and
Tasmanian waters, while the remaining seven species can be observed in Australia’s Antarctic territory
(Department of the Environment and Energy 2019c) (Figure 1.5).
Table 1.1: Seal species frequently recorded in Australian waters.
Family
Otariidae

Phocidae

Common name
Australian sea lion
Australian fur seal
Long-nosed fur seal

Scientific name
Neophoca cinerea
Arctocephalus pusillus doriferus
Arctocephalus forsteri

Antarctic fur seal
Sub-Antarctic fur seal
Southern elephant seal
Leopard seal
Crab-eater seal
Weddell seal
Ross seal

Arctocephalus gazella
Arctocephalus tropicalis
Mirounga leonina
Hydrurga leptonyx
Lobodon carcinophagus
Leptonychotes weddellii
Ommatophoca rossii

Breeding area
Australia
Australia
Australia, New Zealand
and subantarctic islands
Subantarctic islands
Subantarctic islands
Subantarctic sea-ice
Antarctic sea-ice
Antarctic sea-ice
Antarctic sea-ice
Antarctic sea-ice
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Seal species are protected under Australian national and state laws, restricting human-seal
interactions without permits. Recognised as marine species (EPBC Act 1999; section 248), it is an
offence to “kill, injure, take, trade, keep, or move any seal or sea lion species on Australian
Government land or within Commonwealth waters” (Department of the Environment and Energy
2019c). Some species receive additional protection if they are recognised as being Vulnerable,
meaning they are at risk of extinction within Australia or a particular state in the medium-term future.
The Australian sea lion, Australia’s only endemic pinniped species, is listed as Vulnerable under the
Environment Protection and Biodiversity Conservation Act (1999) while the Australian fur seal and
Long-nosed fur seal have been declared Vulnerable in the state of New South Wales under the
Biodiversity Conservation Act (2016).

Figure 1.4: Photographs of the three families of seals and sea lions. A) Ortariide (fur seals and sea lions), Arctocephalus
pusillus, male (left) and female (right). (B) Phocidae (true seals), Mirounga angustirostris. C) Odobenidae (walruses),
Odobenus rosmarus (Source a: John Gibbens, Sealimages.com, b: Michael Noonan, c: Flickr).
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Figure 1.5: Photographs of the three species of fur seals and sea lions that typically breed in Australian waters. A) Australian
fur seal (Arctocephalus pusillus doriferus), B) Long-nosed fur seal (Arctocephalus forsteri), and C) Australian sea lion
(Neophoca 19inereal). (Source: Atlas of Living Australia (ALA 2019a, b, c).

1.7.1

Distribution and population size

The Australian fur seal, Long-nosed fur seal and Australian sea lion have established colonies and haulout spots (sites where breeding does not typically occur) throughout southern Australian waters. The
Australian fur seal is restricted to approximately 21 colonies from Montague Island off the NSW South
Coast to Williams Island in South Australia (McIntosh et al. 2018b). Breeding colonies are
predominantly centred within the Bass Strait, a section of Australian continental shelf between the
mainland and Tasmania. Haul-out sites are typically offshore rocky islands or secluded beaches backed
by cliffs that are used to rest when foraging, avoid predation and socialise rather than breed (Kirkwood
& Goldsworthy 2013; Arnould & Kirkwood 2007). Figure 1.6 is a map of all known breeding sites for
the Australian fur seal and haul-out sites within NSW.
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Figure 1.6: Locations of known Australian fur seal breeding colonies (red), NSW haul-out sites (green) and continental shelf
edge (grey line representing 200 m bathymetric contour) in relation to Martin Islet (purple) (Breeding site data from McIntosh
et al. 2018b).

Long-nosed fur seal populations occur along the south-eastern, southern and western coastline of
Australia and their offshore islands. The Australian sea lion’s population stretches from the west coast
of Western Australia down through to the Pages Islands, situated east of Kangaroo Island in South
Australia (Kirkwood & Goldsworthy 2013). These ranges are reflected in the recorded occurrences of
the three species from as early as 1881 (Atlas of Living Australia (ALA) 2019a, b, c). Figure 1.7 displays
a heatmap of recorded sightings for the Australian fur seal, Long-nosed fur seal and Australian sea lion
from ALA (2019a, b, c). These records generally follow the ranges set out by Kirkwood and
Goldsworthy (2013) in figure 1.7D.
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Figure 1.7: Distribution of occurrence records for Australian fur seals (A), Long-nosed fur seals (B), and Australian sea lion (C)
(Adapted from ALA 2019a, b, c). Red represents areas where there are a greater number of seal or sea lion sightings while
yellow represents low numbers of sightings. The occurrence records represent a collaborative database of seal sightings made
by scientists, land managers, and the general public (As of 8 July 2019). D) Range of Australian fur seal (thickened black line),
Long-nosed fur seal (grey line) and Australian sea lion (dotted purple line) defined by Kirkwood & Goldsworthy (2013).

Historically, fur seal populations in Australia experienced significant reductions as a result of overharvesting from the late 1700s to 1800s. Fur seal skins were one of Australia’s first exports, with at
least 350 000 skins leaving Australian shores by 1840 (Ling 2002). The resulting decline saw the loss of
Long-nose fur seal breeding colonies within the Bass Strait by the early 1800s, without showing signs
of recovery until recently (Arnould et al. 2000). In the period between 1986 and 2002 Australian fur
seal pup production was estimated to be increasing by >5% per annum before stabilising in in the
years to 2007 (Kirkwood et al. 2005; Kirkwood et al. 2010).
Estimates of the total population size of seals and sea lions are determined based on the number of
pups at colonies. This is because breeding is relatively synchronous each year and pups are easily
recognised due to their darker coat and size (Baird 2011) (See section 1.7.4.1). The fact that they
remain ashore until they are weaned helps ensure accurate counts. These numbers can be converted
to estimates of abundance for the whole population using a ‘pup multiplier’ (Shaughnessy et al. 2011;
Goldsworthy & Shaughnessy et al. 1994). These multipliers are based on demographic data typically
collected from a study of one colony.
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The total population of Australian fur seals was estimated to be approximately 120 000 in 2007
(Kirkwood et al. 2010). This was based on a pup multiplier of 4.5 and assumed pup mortality of 15%
prior to the census. The figure for pup mortality relates to findings from Warneke (1975) and
Pemberton and Kirkwood (1994). While this is the most recent overall population estimate, a more
recent pup census has shown a reduction from approximately 21 388 pups born in 2007 to 16 516
pups in 2013 (McIntosh et al. 2018b). This is the first recorded reduction in annual pup production (4.2% per annum) for the Australian fur seal since it became a protected species in 1975. The four
largest breeding colonies for Australian fur seals (Seal Rocks, Lady Julia Percy Island, Kanowna Island
and The Skerries) are all situated off the Victorian coastline and account for approximately 69% of pup
production (McIntosh et al. 2018b; Figure 1.6).
Despite having an overall population of around 200 000, the Australian proportion of Long-nosed fur
seals is similar in size to the Australian fur seal (Chilvers & Goldsworthy 2015). The population of Longnosed fur seals in Australian waters has been estimated, based on a pup multiplier of 4.76, to be
approximately 117 400 (Goldsworthy & Page 2007). The endangered Australian sea lion exhibits a
significantly smaller population compared to the fur seals. An overall population of approximately 14
780 Australian sea lions was estimated using a multiplier of 4.08 (Shaughnessy et al. 2011).

1.7.2

Seals in NSW

Despite the breeding of Australian and Long-nosed fur seals being centred around Bass Strait and
southern Australian waters, these seals are commonly observed along the NSW coastline and its
offshore islands. The occurrence of these species, therefore, appears to vary throughout the year in
accordance with the breeding season (See section 1.7.4.1). Australian sea lions are rare throughout
NSW; however, they are observed hauling out from time to time as individuals or in low numbers
(Irvine et al. 1997; ALA 2019c). Montague Island is the northernmost breeding colony for the
Australian fur seal and the only site where pups are born in NSW (Mcintosh et al. 2018b). Apart from
Montague Island, the state still provides habitat and foraging areas that are important for nonbreeding individuals. Australian and Long-nosed fur seals have been observed further north in places
like Byron Bay, Port Stephens, Newcastle Harbour and within Sydney Harbour (Hardcourt, 2019,
personal communication, 9 April; ALA 2019a, b; Figure 1.8).
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Figure 1.8: A) Screenshot from a video posted on Instagram (26 March 2018) of an Australian fur seal spotted within Sydney
Harbour at Rushcutters Bay Park in Darling Point, New South Wales. B) Photograph of a sign placed to warn passers-by of
the seal in the area (Seal marked by a red circle) (Source: A: Stanlenberg (2018), B: ABC (2018).

Overall, general sightings of Australian fur seals in NSW are more prevalent from June to November
(65% of 405 records from the Atlas of Living Australia) (Figure 1.9). Most of the species records
situated along the NSW coastline occur during June while in December there are little observations
within NSW, rather there is a focus on Victorian, Tasmanian and South Australian waters where the
majority of breeding colonies occur (Figures 1.6, 1.9). During March and through to May, occurrences
remain low within the state of NSW (Figure 1.9). A similar pattern is seen across Long-nosed fur seal
records (ALA 2019b). It is important to note that these records are generated from instances where
seals have been spotted and recorded by scientists, land managers and the general public, thus, it may
not be an accurate representation of the entire population.
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Figure 1.9: Distribution of occurrence records of Australian fur seal (Arctocephalus pusillus doriferus) in Australian waters
(red points) during June A), November B), December C), and March D). The occurrence records represent a collaborative
database of Australian fur seal sightings made by scientists, land managers, and the general public (As of 8 July 2019).
(Adapted from ALA 2019a, b and c).

Up until the 1970s, Seal Rocks, on NSW’s Mid North Coast was home to the most northern breeding
colony of Australian fur seals (NSW National Parks and Wildlife Service 2014). This location is not to
be confused with Seal Rocks off the Victorian coastline which is a current Australian fur seal breeding
colony. Apart from spikes in the population over summer, approximately 20 seals consistently
inhabited Seal Rocks throughout the year during the 1960s. Today, Seal Rocks Nature Reserve is within
a Sanctuary Zone of Port Stephens Great Lakes Marine Park and acts as a haul-out site for Australian
fur seals (NSW National Parks and Wildlife Service 2014). Other haul-out sites within NSW include
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Cabbage Tree Island (south of Seal Rocks), Martin Islet, Drum and Drum Sticks (north of Lamond Head,
Jervis Bay), Steamers Head (south of Jervis Bay), Montague Island (near Narooma) and Green Cape
(Far South Coast) (ALA 2019a,b; Irvine et al. 1997; Smith 2001; Figure 1.6).
Just south of Seal Rocks is Cabbage Tree Island, John Gould Nature Reserve, where Australian fur seals
have returned to haul-out each year since 2009 (NSW National Parks and Wildlife Service 2014).
Further south at Steamers Head (south of Jervis Bay), seals have been observed hauling out since 1989
(Burleigh et al. 2008b). This site, at the base of an inaccessible cliff, supports a returning population of
Australian and Long-nosed fur seals that were found to peak at 135 during September 1999 (Burleigh
et al. 2008b; Figure 1.10).

Figure 1.10: Photograph showing seals on the steep cliffs present at Steamers Head. (Source: Burleigh et al. 2008b)

Located 9 km south-east of Narooma, Montague Island is not only the most significant site for seals
on the NSW coast, but it is also the northernmost breeding colony for the Australian fur seal.
Montague also acts as a major haul-out site for Long-nosed fur seals (Shaughnessy et al. 2008).
Situated adjacent to the edge of the continental shelf and influenced by the Eastern Australian
Current, the marine environment surrounding Montague Island is relatively productive (NSW National
Parks and Wildlife Service 1996). Historically, the Island acted just as an important haul-out site for
the recovering Australian fur seal population where the occasional pup would be born. However, in
recent years Montague Island has provided habitat for breeding to occur annually (Irvine et al. 1997;
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McIntosh et al. 2018b). The number of pups born on Montague island has experienced a 45.55%
increase per annum from 2007 (2) to 2013 (19) (Kirkwood et al. 2010; McIntosh et al. 2018b).
Australian fur seals have occupied the east section of the Island’s north coast for several years
(Warneke 1982), while Long-nosed fur seals were only recognised in 1992 and have since tended to
haul-out on the north-western coastline (Irvine et al. 1997). The number of seals visiting the island
varies throughout the year but has been found to be greatest between July and November (Irvine et
al. 1997; Shaughnessy et al. 2001). The highest number of Australian fur seals on the island was
observed to be 540 during October 1998 (Shaughnessy et al. 2001) which is over 200 more than the
highest observed during 1993 and 1994 by Irvine et al. (1997).

1.7.3

Terrestrial Habitat

Suitable habitat for the Australian sea lion and the Australian and Long-nosed fur seal includes
secluded offshore rocky islands that are characterised by flat areas, pools for training pups, slopes,
and or beaches made of cobble or boulders (Kirkwood & Goldsworthy 2013). Fur seals and sea lions
prioritise rocky shores for breeding, however, Australian sea lions also utilise sandy beaches, such as
Seal Bay at Kangaroo Island, South Australia (Kirkwood & Goldsworthy 2013; Figure 1.11).
Goldsworthy & Shaughnessy (1994) found that the presence of vegetation and small caves provides
pups and juveniles with a place to seek protection from during storms, thus, these types of
environments may be preferred. Australian fur seals tend to prefer flatter terrain compared to the
Long-nosed fur seal that can utilise steeper, more rugged terrain (Shaughnessy 1999). Islands have
advantages over mainland haul-out sites in that they provide protection from potential terrestrial
predators (including humans), ease of access to foraging areas offshore and exposure to winds to aid
thermoregulation.

Figure 1.11: Australian fur seals resting on Martin Islet’s rocky terrain. (Photograph credit: Victor Hawk)
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1.7.4

Life Cycles

1.7.4.1 Breeding
Breeding occurs annually for Australian and Long-nosed fur seals, while Australian sea lions are an
exception in that the species has an asynchronous breeding cycle of 18 months (Goldsworthy &
Shaughnessy 1994; Goldsworthy et al. 2014; Gales et al. 1992). Therefore, Australian sea lion mating
and pupping occurs in any month of the year and this month can change between years (Gales et al.
1992). When a female Australian fur seal reaches the age of 3-4 years old, they give birth to a single
pup (sometimes two) each year during a pupping season from November to mid-December (Kirkwood
et al. 2005; Kirkwood & Goldsworthy 2013). The Long-nosed fur seal breeds slightly later with its
pupping season running from late November to early January. The mating season for both species
runs during and just prior to the pupping seasons. After mating, the fertilised egg of an adult female
pinniped remains dormant and does not implant or continue to develop until sometime after. This is
known as ‘delayed implantation’ and ensures the pups are born each year during summer when pup
survival is enhanced due to an increase in both temperatures and food supply (Kirkwood &
Goldsworthy 2013). The gestation period for Australian sea lions is longer than the two fur seal
species, lasting 14 and 9 months respectively (Gales et al. 1997; Kirkwood & Goldsworthy 2013). While
individual pups can on occasion be born at haul-out sites, this is rare due to the lack of key features
for pup-rearing such as training pools (Goldsworthy & Shaughnessy 1994; Kirkwood et al. 2006). Once
the seal pup is born, the mother supports the four-kilogram newborn by providing it with nutritious
milk, of which the pup is dependent upon until it reaches 8 months old (Phillip Island Nature Parks
2019; Stirling and Warnke 1971). During this time, the pups are weak and susceptible to crushing from
colony aggregations, however, by mid-December they have developed enough strength to move
around the colony (Kirkwood & Goldsworthy 2013). The mortality of pups is relatively high from birth
to weaning, while the mother is typically away at sea foraging (McIntosh et al. 2018b). This can be the
result of starvation or high seas that can sweep small pups off low lying rock platforms before they
are competent swimmers (Pemberton and Gales 2004; McIntosh et al. 2018b). Seal pups will become
independent at varying ages, ranging from 10 weeks to over a year depending on the species.
Australian fur seal pups begin foraging for fish on their own, still partly reliant on their mother’s milk,
from about July (Kirkwood & Goldsworthy 2013). By as early as August, some pups may become
independent from their mother and start venturing further from their colony.
1.7.4.2 Weaning to adulthood
Once a seal reaches the age of 1, they are recognised as juveniles. These playful creatures are capable
of travelling hundreds of kilometres away from their respective colony (Page et al. 2006). Once a
female juvenile Australian fur seal or Long-nosed fur seal has developed passed the age of 3 they are
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classified as an adult (Kirkwood et al. 2005). In contrast, male seals take double the amount of time to
develop into an adult, with the Australian and Long-nosed fur seal males developing into bulls after 6
years and become territorial after 9 years (Kirkwood & Goldsworthy 2013). The stage from 3 to 6 years
for Australian and Long-nosed fur seals is referred to as sub-adult (Kirkwood & Goldsworthy 2013).
Female Australian sea lions take slightly longer to develop and are said to become adults after 4.5
years. Similarly, the male Australian sea lion takes a further 1.5 years to mature. As a result, sea lions
aged between 4.5 to 7.5 years are classified as sub-adults (Kirkwood & Goldsworthy 2013).
1.7.4.3 Territorial males
Each year, as early as 1.5 months prior to the breeding season, mature adult males of sufficient size
(aged from 9-12 years) form breeding territories ashore made up of on average 5-9 females (Kirkwood
& Goldsworthy 2013; Goldsworthy & Shaughnessy 1994). During this period of up to 60 days, the
males must fast in order to hold their territories, and therefore, lose a significant amount of body mass
(Knox et al. 2017). To sustain this period, foraging prior to the breeding season is of significant
importance to adult males. Carey (1991) found that territorial Long-nosed fur seals rarely utilised
nearby available shade or pools, despite high temperatures, in order to constantly monitor their
territory for the threat of other males. Male seals incapable of establishing territories of their own are
forced away from breeding colonies by the viciously territorial bulls. These seals are often too young
or too old to compete with the established bulls. The older bulls that are unable to gain territory are
called ‘bachelors’, and often challenge bulls for their territory in bloody encounters (Phillip Island
Nature Parks 2019; Figure 1.12). Male Australian fur seals are expected to reach a maximum age of >
19 while females can tend to survive slightly longer at >21 (Department of the Environment and Energy
(2019b).

Figure 1.12: Photograph of two Australian fur seal bulls fighting for control of a breeding territory (Source: Kirkwood &
Goldsworthy 2013).
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1.7.5

Morphology and Physiology

Largest of all fur seal species, the male and female Australian fur seals weigh on average 279 and 76
kg respectively (Warneke & Shaughnessy 1985). Male Australian fur seals typically weigh between
approximately 218-360 kg during the breeding season, where size is necessary for fasting while
defending territories (Warneke and Shaughnessy 1985). Outside of the breeding season, however,
Pemberton (1993) found male seals to be lighter at 98-300 kg. Despite differences in weight between
seasons, adult males tend to reach a maximum straight length of approximately 237 cm (Pemberton
et al. 1993; Warneke and Shaughnessy 1895). Adult female Australian fur seals are significantly smaller
than males, with a mass that can range from between 45-122 kg and a length of up to 176cm (Warneke
and Shaughnessy 1895). Male Long-nosed fur seals do not grow as heavy as their Australian
counterpart, averaging 126.3 kg while territorial bulls can reach as high as approximately 180 kg (Troy
et al. 1999). This species is also smaller in length compared to the Australian fur seal, with males
reaching a maximum of 179cm (Troy et al. 1999). In comparison, female Long-nosed fur seals have
been found to weigh 41-122 kg on average, while reaching a maximum length of 136–171 cm
(Warneke and Shaughnessy 1895).
Despite building significant mass, fur seals and sea lions are agile creatures on land. In contrast to
phocids (true seals), otariids (fur seals and sea lions) possess a flexible spine that ensures they are
capable of tucking their rear-facing hind flippers and holding their body off the ground with strong
forelimbs (Reynolds & Rommel 1999; Figure 1.13). This enables them to sit upright on land and
manoeuvre rocky terrain by walking or galloping. The body of otariids is spindle-shaped, meaning its
diameter is at its narrowest around the head and tail, bulging in the middle. This design enhances
swimming agility and speed by reducing resistance in the water. Additionally, all protuberances they
possess are minimised or retractable. For example, a male’s testes and penis along with a female’s
teats are retractable. Earflaps called pinne, not present in phocids, are more prominent in Australian
fur seals and tend to stick out rather than sitting against the head as observed in Long-nosed fur seals
and Australian sea lions (Figure 1.14).
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Figure 1.13: Distinguishing features of Australian and Long-nosed fur seals (also known as the New Zealand fur seal) (Source:
Stewardson & Knuckey 2005).

The webbed fore flipper varies in shape among seal species with each variation providing more
manoeuvrability or speed (Reynolds & Rommel 1999). Narrow fore flippers allow fur seals to achieve
greater speeds when swimming while broader flippers, among sea lions, can allow better
manoeuvrability. Fur seals make up for this manoeuvrability with a flexible backbone and webbed
hind flippers that may be folded inward to minimise drag or widened to reduce speed or manoeuvre.
The whiskers or vibrissae of seals are filled with nerves that can sense movement, water turbulence,
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shifts in currents and possibly aid in low light predation (Kirkwood & Goldsworthy 2013). The length
of the vibrissae can vary within and across species, however, fur seals tend to possess longer whiskers
with the Long-nosed fur seal more likely to exhibit prominent vibrissae (Figure 1.14). Seals have
species-specific dentation, however, they all possess long canines and piercing post-canines rather
than molars (Kirkwood & Goldsworthy 2013). The enhanced underwater vision of pinnipeds can be
attributed to their powerful near-circular eye lens. As opposed to humans whose eyes utilise a flat
lens, the round lens of a seal’s eyes makes focusing out of water difficult due to near-sightedness. On
land, seals rely more heavily on smell to identify pups or mates, with nose to nose contact the main
means of recognition and communication (Reynolds & Rommel 1999). Their well-developed sense of
smell allows mothers to identify their pup’s specific odour if they are separated. Bulls utilise odour to
communicate their status among other males when defending or vying for territory.

Figure 1.14: Photograph showing the pinne (ear flaps) and vibrissae (whiskers) of the Australian fur seal (Photograph credit:
Reid Formosa).

1.7.6

Movement patterns

1.7.6.1 Foraging behaviour
While seals breed, socialise and conserve energy ashore at breeding colonies and haul-out sites, they
spend much of their time out at sea foraging or searching for territories to claim. Seals are capable of
travelling over a thousand kilometres from their respective colonies in search of profitable foraging
areas (Figure 1.15). Researchers attach animal-borne data loggers to male and female seals to gain an
understanding of their movement patterns and infer habitat. Much of this research on Australian fur
seals have been conducted on lactating females, as studies concerning males are only relatively recent
(Arnould & Hindell 2001; Arnould & Kirkwood 2007; Hoskins et al. 2015). Due to male seals playing no
clear role in parental care and capable of reaching up to 4 times the size of females, their foraging
patterns differ from that of lactating females (Costa 1991; Knox et al. 2017; Page et al. 2005b). Males
seem to have no reliance on a colony unless they are actively defending a territory, and thus, their
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foraging range is less restricted (Knox et al. 2017; Kirkwood et al. 2006). This, combined with their
significant size and weight over females, makes them difficult to monitor and retrieve, thus
contributing to the lack of research on the foraging ecology of male seals (Knox et al. 2017; Kirkwood
et al. 2006).

Figure 1.15: Map showing the tracking paths of female Australian fur seals from four breeding colonies, yellow: Lady Julia
Percy Is, blue: Seal Rocks Victoria, green: Kanowna Is, red: The Skerries (Source: Arnould & Kirkwood 2007).

Australian fur seals display a benthic foraging behaviour, feeding mostly within the continental shelf
in association with the seafloor (Knox et al. 2017). This feeding behaviour is more typical of sea lions,
as other fur seals, including the Long-nosed fur seal and Cape fur seal, tend to be open-ocean midwater (pelagic) foragers. Despite this, pelagic feeding is seen in Australian fur seals on occasion (Knox
et al. 2017). Female Australian fur seals tend to be exclusively benthic foragers targeting depths of
60-80 m within shallow continental shelf waters (Arnould & Kirkwood 2007). Females have also been
found to maintain this benthic foraging behaviour on the continental shelf regardless of the season or
their respective colony’s proximity to shelf edge (Littnan et al. 2007; Arnould & Kirkwood 2007). Water
temperatures have been shown to influence foraging behaviour. Arnould & Kirkwood (2007) found
evidence that Australian fur seals preferred foraging areas that had a sea-surface-temperature (SST)
of between 16-16.88°C as opposed to warmer waters. As seen in females, Australian fur seal males
restrict their foraging to mostly benthic depths of 60-80 m within the Bass Strait continental shelf
(Knox et al. 2017). In late spring and into summer, however, some male individuals may forage on the
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edge of the continental shelf in waters of greater than 200m depth. Knox et al. (2017) suggest that
this may be representative of males seeking more productive waters leading into the breeding season,
during which they are required to fast while defending territories. This observation could also
represent intra-specific competition surrounding breeding colonies, forcing males to forage further
out along the edge of the continental shelf (Knox et al. 2017). A comparison of adult female Australian
and Long-nosed fur seals from Kanowna Island in the Bass Strait showed foraging areas and diving
behaviour varied between species (Hoskins et al. 2017). Hoskins et al. (2017) found Long-nosed fur
seals to forage much closer to the surface, at depths shallower than 30m. The behaviour of lactating
female Long-nosed fur seal and Australian sea lions during winter suggests the same prey found in
other seasons in the continental shelf is not reliable. Both species were found to dive deeper when
foraging in winter compared to summer suggesting they target different regions, or they fed on more
benthic prey (Costa & Gales 2003; Page et al. 2005a).
Kirkwood et al. (2006)’s study of male Australian fur seals at Seal Rocks saw individuals foraging mostly
within the Bass Strait, with some venturing into waters south of Tasmania, up to 500 km from the
colony. One individual was recorded travelling 1200 km alongside the Eyre Peninsula in South
Australia. Females foraging range is typically less than males, spanning up to 300 km from their
respective colony (Arnould & Hindell 2001). The hot spots, or unique and productive foraging areas
that male and female Australian fur seals target while away on foraging trips have been found to show
minimal overlap, suggesting the individuality of their predatory behaviour (Knox et al. 2017; Kirkwood
et al. 2006; Arnould & Kirkwood 2007). Long-nosed fur seals are also capable of travelling significant
distances from their respective breeding colony, having a mean maximum range of 1095 km. Males
were found to have an average maximum range of 188 km while lactating females were slightly less
at 108 km (Page et al. 2006).
1.7.6.2 Diving behaviour
Apart from short periods at the surface, when at sea, Australian fur seals are constantly performing
dives that typically follow a U-shaped path (Volpov et al. 2016). This involves a straight descend before
travelling along the substrate of the continental shelf, looking or waiting for prey and then ascending
straight back up to the surface. Footage from Crittercam cameras attached to female seals from
Kanowna Island shows that Australian fur seals track the seafloor on the majority of dives (Volpov et
al. 2016). In foraging areas, seals will reduce their time at the surface and modify dive behaviour in
order to maximise foraging time (Hoskins et al. 2015). The average dive duration of Australian fur seals
is 187 seconds, however, when forage effort increases, dive duration can reduce to as little as 148
seconds (Hoskins et al. 2015). Fur seals and sea lions are capable of holding their breath for up to 16
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minutes, however, most are within a range of 2 to 4 minutes (Goldsworthy & Kirkwood 2013; Hoskins
et al. 2015). This is insignificant in comparison to other seals, such as the Weddell seal which can reach
depths of 600 meters while holding its breath for up to 80 minutes (Goldsworthy & Kirkwood 2013).
1.7.6.3 Diet
Knowledge of seals diet is important in understanding the foraging ecology and trophic (food web)
interactions these mammals exhibit. Information regarding the diet of seals is often obtained by
analysing hard parts within stomach contents, scats and regurgitates of seals or through witnessing
predation (Warneke & Shaughnessy 1985; Gales & Pemberton 1994; Littnan et al. 2007).
Dietary analyses have found that the Australian fur seal feeds predominantly on fish and cephalopods.
DNA analysis of scats collected from the three largest Australian fur seal colonies (Kirkwood et al.
2015: Seal Rocks, Lady Julia Percy Island and The Skerries) identified a total of 62 prey species, of which
fish accounted for 80% and cephalopod species made up 20% (Deagle et al 2009). Small traces of
cartilaginous prey were also identified. Kirkwood et al (2008) also identified >60 prey species while
other studies conducted on Australian fur seals are consistent with a broad prey base (Littanan et al.
2017; Hume et al. 2014). In terms of fish species, redbait (Emmelichthys nitidus) Jack Mackerel
(Trachurus symmetricus), Leatherjacket (Monocanthidae), barracouta (Thyrsites atun) and red cod
(Pseudophysis bachus) are consistently found to be among the top prey of Australian fur seals (Deagle
et al 2009; Littnan et al 2007; Hume et al. 2004; Kirkwood et al. 2008). The top cephalopod prey has
been found to be Gould’s Squid (Notatardarus gouldi) (Gales et al 1994; Hume et al 2004; Kirkwood
et al. 2008).
Similar to Australian fur seals, Long-nosed fur seals exhibit a generalist diet (Emami-Khoyi et al. 2016;
Page et al. 2005a; Willis et al. 2008). Long-nosed fur seals have been found to feed predominantly on
fish and cephalopods but also incorporated birds and crustaceans (Page et al. 2005a). The main fish
prey is composed of Redbait (Emmelichthys nitidus) and Lanternfish (Symbolophorus sp.) (Page et al.
2005a). Prominent cephalopod species include Gould’s Squid (Notatardarus gouldi) and Southern
Ocean arrow squid (Todarodes filippovae).
Australian sea lions’ diet is comprised primarily of fish, cephalopods, and crustaceans (McIntosh 2006).
McIntosh et al (2006) analysed regurgitations and the digestive tracks of dead sea lions finding the
most abundant prey to be cephalopods. The most significant prey species were octopus (Octopus sp.),
giant cuttlefish (Sepia apama) and Gould’s squid (Nototodarus gouldi). In terms of fish species, the
most prominent prey is leatherjacket (Monacanthidae), flathead (Platycephalus sp.), swallowtail
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(Centroberyx lineatus), Wrasse (Labridae), and common bullseye (Pempheris multiradiata) (McIntosh
et al. 2006; Peters et al. 2015).
The diet of fur-seals has been shown to shift significantly across seasons (Harcourt et al 2002; Gales
and Pemberton 1994). Gales and Pemberton (1994) found that Australian fur seals fed primarily on
fish during winter while cephalopods were more significant in summer. Similarly, the diets of female
Long-nosed fur seal consist of mostly of Gould’s squid during summer and autumn before becoming
broader and incorporating more benthic fish species in winter (Harcourt et al. 2002). However, Littnan
et al (2007) were not able to establish changes in female Australian fur seal diets across seasons. This
study was an analysis of scats which bias fish and therefore, may have neglected significant
fluctuations in cephalopods.
Diets have been shown to vary among colonies, with geographic location playing a significant role in
variation seen among Australian fur seal diets (Emami-Koyi et al. 2016; Hume et al. 2004). While
Littnan et al. (2007) were not able to establish inter-colony differences within female Australian fur
seal diets from faeces and regurgitates, more recent stable isotope analysis of blood samples from the
same time and colonies did show significant changes in diet across colonies (Arnould et al. 2011).

1.7.7

Environmental factors affecting seal numbers

1.7.7.1 Temperature
The intolerance of seals and sea lions to high air temperatures plays a role in the geographic range
and behaviour of many of these species (Garlepp et al. 2014). These animals have adapted to minimise
heat loss while in water, however, features such as a thick fur layer, dense blubber, and large body
size make it difficult to regulate their body temperature on land. To help minimise overheating, seals
may adopt a number of behaviours. Seals have been observed flipper waving (to increase convective
airflow), throwing cold sand on their backs, cooling off in pools or returning to the ocean (Goldsworthy
& Kirkwood 2013).
1.7.7.2 Fishing and entanglement
Seals have a history of interacting with commercial fishing vessels (Shaughnessy 1999). By feeding
close to fishing vessels, seals are vulnerable to being caught or injured by equipment such as nets,
hooks, lines and fishing traps. There are cases of seals being shot by fisherman due to some
commercial and recreational fisherman viewing them as pests and competitors (Shaughnessy 1999).
This results from seals taking caught fish, bait or disturbing schools of fish targeted by fisheries.
Kirkwood et al. (2006) found that the major foraging areas of seals in the central-western Bass Strait
do not significantly interact with the operations of commercial fisheries. Similar findings were
35

published by Arnould (2007), however, they did stress that the eastern section of the Bass Strait where
females from The Skerries colony tend to forage does, in fact, overlap with the Otter Trawl component
of the Commonwealth Trawl Sector. Currently, in NSW, the rates of by-catch occurring in fisheries are
mostly unknown (Office of Environment and Heritage 2017).
As a result of this interaction with fishing vessels and due to an increase in man-made debris entering
the oceans, the entanglement of fur seals and sea lions is a significant and widespread issue
(Shaughnessy 1999; Figure 1.16). Material such as net fragments, rope, fishing line, packaging straps
and a variety of plastics from terrestrial sources have been found to entangle seals (Shaughnessy 1999;
Kirkwood & Goldsworthy 2013). Entanglement or ingestion of marine debris is regarded as a Key
Threatening Process under the Environment Protection and Biodiversity Conservation Act (1999). The
rate of entanglement for Australian fur seals and sea lions is one of the highest worldwide (Page et al.
2004). Entanglement from marine debris in southern Australian waters leads to the death of an
estimated 1119 Australian fur seals and 295 Long-nosed fur seals each year (Page et al. 2004). A study
of the Seal Rocks colony in Victoria between 1997 to 2013 found that out of 359 seals identified as
entangled the majority were pups or juveniles (McIntosh et al. 2015). A number of entangled juvenile
seals have been observed in NSW at Montague Island (Shaughnessy et al. 2001).

Figure 1.16: A) Fishing net around the neck of an Australian fur seal. B) Australian fur seal entangled in fishing line (Source:
A, Royal Melbourne Zoo 2019, B, Kirkwood & Goldsworthy 2013)

1.7.7.3 Intraspecific interactions and colony factors
Seal interactions and colony density during breeding seasons can influence the number of seals
ashore. As colonies increase in seal density, pup mortality rises as a result (McIntosh et al. 2018b). The
reduction in space and greater numbers can lead to pups being crushed by stampedes or starving after
being separated from their mothers (McIntosh et al. 2018b). Changes in foraging trips of females over
lactation may play a role in influencing seal numbers (Goldsworthy 2006). Prey availability may also
have a bottom-up effect on the seal populations. McIntosh et al. (2018b) observed a drop in the
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number of live pups between 2007 and 2013 at the largest Australian fur seal colonies (Lady Julia Percy
Island, Seal Rocks, Kanowna Island, and The Skerries). The authors suggest that an increase in
intraspecific competition for prey resources at these larger colonies may explain this reduction. Food
availability was considered to be reduced compared to previous years, with seabird species (little
penguins and short-tailed shearwaters) that forage within the Bass Strait experiencing poor breeding
seasons during 2013/14 (Berlincourt & Arnould 2015a; Berlincourt & Arnould 2015b).

1.8

Remote Sensing

At the most basic level, remote sensing gathers information using some form of sensor about a target
from which it is remote, i.e., not in close proximity. Sensors are optimised to detect different signals,
for example, sound and light, which are either naturally occurring (in the case of passive remote
sensing instruments) or emitted by the sensor itself, with a reflected pulse detected (in the case of
active remote sensing) (Hamylton 2017). Optical remote sensing gathers detailed information by
interpreting the electromagnetic reflectance and emittance of the atmosphere or surfaces on the
earth without physically touching that surface (Hollings et al. 2018). In other words, remote sensing
can capture electromagnetic waves from a desired subject and convert them into images remotely.
The electromagnetic spectrum is characterised by optical (0.4-14 μm) and microwave (1 mm – 1 m)
wavelengths. Early uses of remote sensing in the eighteenth and nineteenth century were made
possible through the use of air balloons that carried cameras into the air to take photos of the earth’s
surface (Mather 1999). Aircraft mounted-systems for remote sensing were developed for military use
in the early twentieth-century, while developments in more recent decades have seen the use of
satellites, unmanned aerial vehicles (UAV) and light aircraft. Advances in geographic information
systems (GIS) technology has allowed for the analysis of remotely sensed data as well as opening up
alternate applications such as monitoring, modelling and mapping ecological communities, natural
resources and human activities (Hamylton 2017). Scientists are now able to monitor changes over
large areas, across various temporal scales and in environments that would otherwise be inaccessible.
Airborne sensors and satellites allow for natural phenomena to be monitored across hours to several
decades, repeatedly (Hamylton 2017). One common form of airborne sensors is LiDAR (light detection
and ranging) instruments which are used to acquire topographic and bathymetric data. LiDAR is a form
of active sensor in that emits electromagnetic radiation across visible and near-infrared wavelengths
and subsequently captures the return signals as discrete points (Hamylton 2017). Topographic
measurements are achieved by determining the time it takes for the light pulse from the senor to
interact with a surface and for a portion of the scattered radiation to return to the sensor.
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1.8.1

Use of unmanned aerial vehicles (UAVs) for remote sensing

Despite increases in satellite imagery resolution, images captured from satellites still struggle to
distinguish smaller features, such as individual flora and fauna and are generally not applicable for
small study sites (Fretwell & Trathan 2009). Drones or UAVs offer a viable alternative to satellite
remote sensing, as they are now capable of capturing extremely high-resolution imagery of even small
species without the human risk or significant cost of satellite and occupied aircraft (Seymour et al.
2017). Survey costs can also be reduced through a reduction in field team size when using UAVs in
comparison to traditional techniques (Sorrell et al. 2019). Apart from removing the risk associated
with other methods, UAVs offer vertical take-off that allows them to be launched and retrieved
directly from a small vessel or without a runway (Colefax et al. 2017). This is advantageous in the sense
that landing on seal terrestrial habitat, for example, is often not possible due to the combination of
waves and dangerous rocky coastlines that characterise them. The opportunity to deploy UAVs at ease
from a boat allows scientists to study coastal environments that would otherwise not be possible.
While observing islands from boats can often be difficult if the study site features varying topography,
UAVs allow for continuous data capture across the entirety of a targeted island relatively quickly. UAV
surveys can greatly benefit environmental managers and researchers as the high-resolution images
can be revisited in the future to conduct further analysis on features that are not initially the primary
target for investigation (Sorrell et al. 2019). The onboard GPS allows UAVs to capture georeferenced
spatial data that may be impossible to gather on the ground in some environments (McIntosh et al.
2018a).
The use of UAVs still suffers from the inefficient and time-consuming act of manually interpreting and
counting flora or fauna from imagery. Automated counting and computer machine learning is
continually being developed and can aid in overcoming these bottlenecks (Gooday et al. 2018). In the
field, the use of UAVs is limited by weather conditions. The presence of strong winds or rain can
damage the UAV or interfere with image quality. Additionally, if the UAV work is conducted from a
boat, limitations such as high swell will greatly impact the ability of the remote-pilot to launch and
land the UAV. Airspace regulations also apply to UAV use, with necessary approval needed for
particular locations, such as around army bases and airports.

1.8.2

Use of UAVs to monitor wildlife

Ecologists are rapidly utilising UAVs for monitoring wildlife due to their ease of use and cost-effective
attributes (Seymour et al. 2017). The use of UAVs to capture imagery for automated and semiautomated surveys of animals has produced reasonably high accuracy when conducted over small
geographic ranges. Count accuracy has also been shown to increase as image quality increases (often
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dependent on flight altitude and sensor characteristics), and where the study site is reasonably
homogeneous, such as areas of sea ice (Hodgson et al. 2018; Hollings et al. 2018). Manual counting of
species from remotely sensed images has been conducted for decades, while automated and semiautomated approaches to surveying are relatively new. Today, image processing software is capable
of advanced object detection that considers the texture, shape and surrounding landscape of a target
species in order to detect and classify them (Hollings et al. 2018). The increased resolution possible
through UAVs allows for animals to be more easily detected, even when targets are moving.
Automated methods have been shown to detect animals that are moving in images covering an area
up to 0.6 km2 (Oishi & Matsunaga 2014). UAVs have been shown to be particularly accurate for
studying animals that are clearly distinguishable from a background image and crowd together in
space, such as seabird colonies (Hodgson et al. 2018). Hodgson et al. (2018) found automated counts
of seabirds conducted from UAV imagery to be 43-96% more accurate than ground surveys depending
on the height that the surveys were conducted.

1.8.3

Use of UAVs to monitor seals

Gathering abundance data on a species generally involves surveys conducted by humans via direct
real-time visual enumeration or indirect enumeration through the visual interpretation of images
collected by remote sensing surveys. Techniques that rely on direct observation are often difficult for
marine species, such as seals and other pinnipeds that typically spend a significant amount of time at
sea, often occupying inaccessible and remote rocky islands. Therefore, remote sensing surveys or
visual ground-based enumeration are only efficient when studying aggregation sites on land or ice.
UAV-based counts of seals and sea lions have been shown to reduce errors compared to counts from
the ground or from a vessel (Adam et al. 2017). Depending on the environment, it can be difficult to
observe complete populations when conducting counts from a boat. For example, some seals can be
hidden behind rocks and it is also problematic to estimate size (Adam et al. 2017). Even surveys
conducted on the ground can struggle to identify pups due to them forming aggregations, within
which it is difficult to discern individuals, or because the seals are moving whilst counts are conducted
(McIntosh et al. 2018a, Sorrell et al. 2019). McIntosh et al. (2018a) found that more pups were able to
be detected through UAV images than through ground surveys. Considering population estimates are
generally based on the number of pups, the improvement in accuracy gained through UAV use is
significant. Sorrell et al. (2019) compared the use of UAVs against ground counts and Capture MarkResight (CMR) for counting pups at Seal Rocks and The Skerries Australian fur seal colonies off the
Victorian coastline. The CMR method involves marking the portion of pups present and then, at a later
time, counting how many marked pups are visible within the population. The study by Sorell et al.
(2019) showed that pup estimates from UAV imagery were greater than direct ground counts at both
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the sites. It was also found that pup estimates derived using CMR were similar to counts identified
using UAV imagery at the smaller site (The Skerries), however, at the larger site (Seal Rocks) the UAV
counts were lower than ground CMR pup estimates. The authors suggest this could be the result of
accidental repeat ground resights due to the seals forming large aggregations on the low relief
topography. At the Skerries the topography prevented larger aggregations and therefore visual
delineation of pups was easier.
In an attempt to address the time needed to spend on a particular survey, Phillip Island Nature Parks
have developed an online portal, known as SealSpotter, where people can volunteer their time to
count

seals

from

UAV

images

taken

of

seal

colonies

off

the

coast

of

Victoria

(www.natureparksresearch.com.au/sealspotter). Citizen scientist programs, such as SealSpotter, help
drive public engagement around vulnerable species.
In studies where the disturbance of seals from UAVs has been analysed, little or no changes have been
shown physically in the seals. Studies surveying at an altitude of around 60 meters found seals had no
physical reaction, however, it is not known whether there are any physiological changes, which have
been seen in other animals (Ditmer et al. 2015). In a study by Adame et al. (2017), the authors had to
fly the UAV at an altitude of 10 m for any pinniped species to elicit some kind of visible reaction. Noises
generated from the UAV are loudest during take-off and that sound emitted during the survey tends
to be insignificant when considering the ambient noise of shoreline environments or rocky platforms,
where there is the sound of breaking waves and seabirds (Arona et al. 2018). The fact that seals should
not be disturbed when flying a UAV at altitudes necessary to survey strengthens the case for the use
of UAVs as a practical tool over direct, in-situ observations for estimating seal population sizes.
Due to the nature of haul-out sites being quite varied, some do not seem to favour the use of UAV in
collecting information on seal populations. At Steamers Head, NSW, for example, seals take refuge in
a cave on the side of a sea cliff (Burleigh et al. 2008a). A UAV could possibly be used to take photos
perpendicular to the cliff, rather than perpendicular to the ground, however, it would still result in
some seals being hidden within the cave or behind other individuals (Burleigh et al. 2008a).
1.8.4

Use of thermal sensors

Depending on what sensor is used, assessments of animal populations using UAVs can be made more
efficient. Typically, UAVs fitted with standard visual spectrum (RGB) cameras are utilised to obtain
data on animal populations, such as spatial distribution and population density (Spaan et al. 2019).
Some sensors can detect energy at thermal wavelengths (9-14 μm), which corresponds to heat. These
sensors are used for a variety of applications, including firefighting search and rescue missions,
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identifying subsurface hot spots within coal mines, mapping rivers, and detecting frost damage during
cool temperatures (Stark et al. 2014). Mammals emit thermal energy and therefore are detectable by
a variety of thermal sensors. Studies have taken advantage of the different thermal signatures given
off by mammalian species and their surrounding environments, allowing for improved identification
and counting (Chrétien et al. 2016; Seymour et al. 2017; Gooday et al. 2018; Figure 1.17). For example,
Spaan et al. successfully counted sleeping spider monkeys (Ateles geo royi) under high foliage using
UAVs carrying a thermal infrared camera. The spider monkeys were clearly observed standing out
against the forested habitat in thermal video footage. Auto-detection has also been shown to
discriminate seal individuals from pack aggregations better than humans (Seymour et al. 2007;
Hodgson et al. 2018). In a study of two grey seal (Halichoerus grypus) breeding colonies in eastern
Canada, Seymour et al. (2017) coupled thermal imagery with auto-detection to achieve a seal count
accuracy of 95-98% compared to human counts. Utilising what is known as high pass filtering (edge
detection), Seymour et al. (2007)’s model rarely misidentified seals. Hodgson et al. (2018) also found
similar results when studying crowding seabird colonies. Such auto-detection models have only been
utilised on sites no greater than a few square kilometres and are reliant on high-resolution imagery
and relatively homogeneous environments in order to greatly distinguish animals from their
surroundings (Hollings et al. 2018).

Figure 1.17: A) Photograph of a stream in Kaikoura, New Zealand using a regular RGB camera. B) Photograph of the same
area using a thermal camera (optris PL450). Red circles identify visible seals in the image. Only one seal is obvious in the RGB
image while four can be seen in the thermal image (Source: Gooday et al. 2018).

While thermal sensors are capable of providing an improvement on accuracy when determining the
abundance of a seal population, error can still be introduced. In general, the accuracy of abundance
surveys from thermal imagery is increased when there is significant thermal contrast between the
target species and the background environment (Gooday et al. 2018). If there are multiple different
targets within a thermal image that are emitting heat, then it may be difficult to distinguish between
these. It has been found that the best time to conduct thermal UAV surveys of seals is during the
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morning or afternoon, as opposed to midday (Gooday et al. 2018). Over the course of the day, rocky
environments that seals tend to haul-out on heat up from long exposure in the sun. Thus, if images
are taken at midday, the seals tend to give off thermal signatures closer to the surrounding
environment. If a seal is just out of the sea, the water can mask the seals thermal signature and make
it difficult to identify (Gooday et al. 2018). When coupling thermal sensors with auto-detection
models, studies have shown that the varied signatures given off by seals of different ages can also
influence counts (Seymour et al. 2007; Gooday et al. 2018). For instance, Seymour et al. (2017)’s model
failed to identify pups that had thermal signatures below the detection boundary set by the authors.

1.9

Characteristics of seals relating to digital analysis

1.9.1

Age and sex classes

Understanding the characteristic appearance differences between species of seals and sea lions is
crucial to ensuring an accurate and efficient survey is conducted. The colour of fur and the size and
development of features all help to distinguish different seal age groups and sexes from each other
and the surrounding environment. The distinguishing appearance characteristics of the Australian fur
seal, Long-nosed fur seal and Australian sea lion are summarised in Table 1.2. Both the Australian and
Long-nosed fur seals exhibit a coat that is generally silver, grey and brown in colour. Therefore, it is
quite difficult to distinguish between the two species based solely on colour. The Australian fur seal,
however, does display more of a mottled colouration, tending to be lighter and browner, while the
Long-nosed fur seal can appear more uniformly dark grey to dark brown (Kirkwood & Goldsworthy
2013). The thickness of coat is reduced in the Australian fur seal compared to its New Zealand
counterpart. As stated in section 1.7.5, the smaller head, pointy snout, and long vibrissae help
distinguish the Long-nosed fur seal from the Australian fur seal. The Australian sea lion exhibits a
distinctive coat colouration that makes identification among Australian and Long-nosed fur seal
simpler (Table 1.2). When wet, the coat of seals and sea lions appears darker and therefore can
increase the difficulty in determining species or sex (Figure 1.18). An aerial survey study of four ice
seal species in the Bearing Sea found that 83% of the seals that were identified where incorrectly
classified as the wrong species (McClintock et al. 2015). This highlights the potential difficulties when
trying to survey pinniped species.
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Table 1.2: Distinguishing characteristics of seal species known in Australian waters. Derived from Goldsworthy & Shaughnessy
(1994) *, Kirkwood & Goldsworthy (2013) ^; Shaughnessy et al. (2001) # and Crawley & Wilson (1976) +). Images from Kirkwood
& Goldsworthy 2013.
Age/sex class
Adult females

Australian fur seal

Appearance description
Long-nosed fur seal

•
•
•
•

Rounded snout (dog-like) ^
Brow not noticeable
Light greyish-brown dorsal coat
Pale-grey chest and darker brown
abdomen
Underfur is reddish-brown
When wet, coat appears grey

•
•
•
•

Pointed snout ^
Dark grey to brown dorsal coat
Light brown chest and throat
Dark brown abdomen

•

Larger head with well-developed
shoulders and chests*
Rounded snout (dog-like)
Overall darker coat compared to adult
females
Mane of up to 5 cm long hair along chest,
shoulders and nape.
Nape can appear lighter in colour with
age

•

Larger head and neck with welldeveloped shoulders^
Pointed snout
Uniform coat that is dark grey
to brown in colour
Snout has pale fur
Prominent brow

•

Developed shoulders*
Snout appears more pointed and the
head is larger in comparison to adult
females
Similar coat to adult males^

•

Similar coat to adult males^

•

Snout and muscles are more defined
compared to pups*
Silver-grey to brown coat
Underfur is light-reddish-brown
Hair on the face, throat and chest is
lighter in colour
When wet, coat is dark and can appear to
look like pups#

•
•

Chubby
Black fur until February to April when
they moult, developing a silver-grey coat ^

•

•
•

Adult males

•
•
•
•
•

Sub-adult
males

•
•
•

Juveniles

•
•
•
•
•

Pups

•
•

•
•
•
•

Australian sea lion

•

•
•
•
•

•

•
•

Dark brown coat^
A moustache that is white or
cream in colour

•

Dense underfur results in fluffy
appearance when dry^
Smaller in size and reduced fore
flippers compared to Australian
fur seals
Dark brown to black fur until
March to May when they
moult, developing a metallic
grey coat

•

•

•

Silvery-grey dorsal fur postmoult, gradually becoming
browner ^
Pale cream chest, abdomen,
sides of the face and over the
ears

Larger head and neck with
well-developed shoulders^
Long, broad snout
Pale whiskers that can reach
past the ears
Grey to dark brown and black
coat
Creamy white fur from
eyebrows to neck and
shoulders

Large dark spots on the chest,
getting larger and more
numerous with age^
Similar coat to adult males

Smaller and less numerous
dark spots on the chest
compared to sub-adult males
Similar coat to adult females

Dark grey fur for four weeks
before becoming brown with a
pale belly^
After about 5 months they
moult, developing a silverygrey coat
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Figure 1.18: Australian fur seal at Martin Islet. Notice the dark colour of the pelt due to being wet. (Photograph credit: Victor
Hawk)

2.

Methods

2.1

A Spatio-temporal investigation of the Martin Islet seal population

2.1.1

UAV survey methods to determine monthly variation in seal numbers

To analyse any seasonal variation in the seal population at Martin Islet, monthly aerial and boat
surveys were conducted over 6 months from March to August 2019. A UAV was used to acquire areal
images for the purpose of surveying the seals. Surveys were conducted each month from a Port
Kembla Marine Rescue vessel (Figure 2.1), skippered by Marine Rescue volunteers, and from a MAARA
boat borrowed from the University of Wollongong on one occasion (19 June 2019). During each
survey, the UAV followed a pre-programmed flight path that ensured the entire islet and surrounding
waters were captured (Figure 2.2). Flight dates and times were dictated by the availability of Port
Kembla Marine Rescue and weather conditions. UAV surveys were not undertaken in high winds or
swell. Resultingly, the dates of each monthly survey do not fall on the same day of the week. Similarly,
the time of the surveys were targeted for early to mid-morning, however, not all monthly surveys
occurred within the same hour (Table 2.1).

Figure 2.1: Photograph of Luis Esteban catching UAV at the completion of a boat survey. Big Island II in the background of
the image (Photograph credit: Rowena Morris).
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The UAV used for all aerial surveys, excluding 25 August 2019 (see section 4.4.2), was a DJI Phantom
4. The stock DJI FC330 camera was used, equipped with a ½.3” CMOS sensor and a Field Of View of
94° 20mm (35mm equivalent). The camera captured images at 12.4 effective megapixels 90° (±0.02°)
perpendicular to the ground. In order to allow for images to be effectively stitched together a 75%
overlap of the study area was set. Flights took place at 60 meters above sea level and images were
automatically captured at 2-second intervals. Each UAV survey lasted approximately 11 minutes and
was pre-planned so that the UAV flew perpendicular to the prevailing winds (Figure 2.2). The preprogrammed flights were created and executed using the Map Pilot IOS application. Scientific licence
(SL101878), ethics approval (AE18/16) and NPWS Area Manager consent was required to conduct UAV
surveys at 60 meters above sea level. The legal height to capture aerial images using a UAV is 100
meters without consent and approval.

Figure 2.2: Screenshot of the flight path of the UAV surveys over Martin Islet, using the Map Pilot IOS application. Green point
indicates survey start location while red point indicates where the survey finishes.
Table 2.1: Flight times and the number of images for the monthly UAV surveys of Martin Islet.
Parameters
Date
Time

March
20/03/19
10:00

April
17/04/19
10:00

May
25/05/19
09:00

June
19/06/19
12:00

July
07/07/19
13:00

August
25/08/19
09:00

# Images

213

197

163

173

209

339
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2.1.2

UAV survey methods to determine diurnal variation in seal numbers

To investigate the daily variation in seal numbers and spatial distribution, 6 additional aerial UAV
surveys were conducted every two hours after sunrise until sunset. Due to the restrictions placed on
Five Islands Nature Reserve and the study’s reliance on Marine Rescue volunteers for transport to and
from the site, these surveys were not conducted on a boat. Instead, aerial surveys were based on the
eastern-most point of Big Island II and occurred on 22 July 2019 before resuming on 23 July 2019
(Table 2.2, Figure 2.3; 2.4). Following the suggestion of Osterrieder et al. (2015), for the remainder of
this thesis, the times of each of the diurnal surveys will be reported relative to sunrise and sunset as
well as local Australian Eastern Standard time to allow this study to be more comparable to previous
and future studies of daily haul-out patterns of fur seals.
Table 2.2: Flight times and the number of images for the diurnal UAV surveys of Martin Islet.
Parameters

Sunrise

4 hours since
sunrise
23/07/19
11:00

6 hours since
sunrise
22/07/19
13:00

8 hours since
sunrise
22/07/19
15:00

Sunset

23/07/19
07:00

2 hours since
sunrise
23/07/19
09:00

Date
Time
# Images

208

208

211

202

130

210

22/07/19
17:00

Figure 2.3: A) Photograph of the preparation before UAV take-off during the diurnal surveys, taken from Big Island II. B)
Photograph of UAV about to take off from Big Island II for the sunrise (07:00) survey on 23 July 2019. Martin Islet can be seen
in the background.
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Figure 2.4: UAV photograph taken at an oblique angle looking west over Martin Islet. The diurnal surveys were conducted
from the closest shores of Big Island II opposite Martin Island that faces roughly east (red star).

2.2

Image Pre-processing

The raw RGB images from the pre-programmed surveys were grouped according to survey date before
being stitched together and geo-rectified using the photogrammetry software Agisoft PhotoScan.
Once images were added to the software, the photograph quality was analysed and blurry images
(caused by the imbalance of the UAV due to winds or poor lighting) were discarded. Through
processing, a Digital Elevation Model (DEM) and an orthomosaic were produced. A DEM is essentially
a grid of uniformly spaced elevation data, while an orthomosaic is a mosaic, developed from a bank
of images, that have been colour balanced and adjusted to account for geometric distortion (ESRI n.d.b). Figure 2.5 provides an overview of the image processing stages, while the specific settings used at
each stage is shown in appendix 1. To ensure the mosaic for each survey were comparable, they were
georeferenced in ArcMap 10.4.1.

Figure 2.5: Workflow taken in order to produce Digital Elevation Model and orthomosaic using Agisoft PhotoScan.
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2.3

Counts of seals from aerial drone surveys

Counts of seals on Martin Islet from all 12 aerial surveys were done using the mosaics of each survey
and the accompanying raw UAV images. The seals were digitized at a scale of 1:80 by visually analysing
the mosaic of each aerial UAV survey in ArcMap, with each observed seal being recorded as a point
by editing a point shapefile (Figure 2.6). A new point shapefile was created for each aerial survey. Seals
were identified based on the general size, shape and colour of seals in Australian waters discussed in
section 1.9. Once all the seals were recorded as points, those animals on land and those in the water
were tallied individually.

Figure 2.6: Screenshot from ArcMap 10.4.1 of digitizing seals on Martin Islet. Digitised seals are identified by a green point.

For each survey, raw drone images were used in conjunction with the mosaic to aid identification of
seals during counts. This was done to ensure seals within the water surrounding Martin Islet were
adequately accounted for, as any movement within images tends to result in blurring within a mosaic.
Due to the way in which mosaics are produced from the raw UAV images, the same seal can appear
in multiple sections of the ocean within the mosaic, or not appear at all. The photogrammetry software
identifies points of interest that appear in multiple images, thus, movement within and across images
(ie; seals swimming or wave action) interferes with this process.
A change-detection approach for seal identification was implemented. This utilises multi-temporal
imagery to identify animal presence relative to a static background due to a change in spectral
reflectance of pixels across two different images (Hollings et al. 2018). When digitising the seals of a
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particular survey, the mosaic of interest was placed above another mosaic of Martin Islet within
ArcMap. The layer of the target survey could be turned off and on, making the presence and absence
of seals more identifiable. The mosaic that was used for comparison was the survey from 17 April 2019
due to overall image quality across the mosaic and the lack of seals visible. Figure 2.7 shows an
example of this method, with a target survey (25 August 2019) being compared against the April
survey. The resolution of the UAV images was not fine enough for individual seals to be classified into
age or sex groups.

Figure 2.7: A) Screenshot of a section of the 25/8/19 mosaic (the survey from which seals are being digitised). Digitised seals
in a point shapefile are identified by a light blue circle. B) Screenshot from 17/4/19 mosaic from the same section of Martin
Islet used for change-detection. By comparing frames A and B, seal identification becomes more obvious. While the frames
are side by side here, within ArcMap the survey layers can be overlapped and turned on and off to reveal the layer below or
above. C) Map of Martin Islet showing the location of the images in question.

To investigate the relationship between seawater temperatures and seal movements, monthly seal
counts were compared against monthly average water temperatures for Port Kembla 2019 (Bureau of
Meteorology 2019). The Bureau of Meteorology operates a tide gauge off the coast of Port Kembla
(34° 28’ 25.5” S 150° 54’ 42.7” E) that records hourly water temperatures that are freely available from
their website.
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2.4

An evaluation of in-situ and aerial techniques for surveying seals on Martin Islet

2.4.1

A comparison of boat-based and aerial methods

Prior to each drone survey, the vessel circled Martin Islet once at a distance of approximately 20
meters from the shore. Individually, two spotters made counts of the number of seals observed on
Martin Islet and the surrounding waters. Once the lap of the islet was complete, the number of seals
identified was shared.

2.4.2

A comparison of thermal and RGB colour sensors for surveying seals from above

2.4.2.1 Thermal aerial survey
The aerial UAV survey conducted on 25 August 2019 consisted of a regular RGB colour survey coupled
with an additional set of images using a thermal infrared sensor. A DJI Mavic 2 Enterprise Dual was
used to complete the survey which captured images using a visual camera and accompanying thermal
camera (Figure 2.8). The thermal camera was equipped with a FLIR® Uncooled Vox Microbolometer
sensor that captured images across a spectral range of 8 – 14 μm with a Horizontal Field Of View of
57°. The resulting thermal images had a resolution of 640 x 480 pixels. In the attempt to eliminate the
influence of environmental factors on the resulting thermal images, the survey was conducted in the
morning at 09:00 to avoid the rocks of Martin Islet being significantly warmed by the sun. The images
of both RGB and thermal surveys were captured simultaneously.

Figure 2.8: DJI Mavic 2 Enterprise Dual in flight (Source: DJI 2019).

Suitable calibration of thermal cameras is crucial to extracting relevant scientific data (Stark et al.
2014). Prior to commencing the survey, a calibration flight was conducted. This involved the UAV being
flown over Martin Islet to a location above a group of seals in order to adjust the temperature range
detected by the thermal camera, which is greatly influenced by the subject matter and surrounding
environment. The user must adjust the temperature range detected to best suit the temperature
range viewed in the landscape, in this case, the seals and surrounding rocks. The upper and lower
temperature range that most clearly depicted a seal at the time of the survey (09:00) were a high of
22°C and a low of 13°C.
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2.4.2.2 Uncertainty analysis of seal counts using thermal and RGB imagery
To statistically evaluate the uncertainty associated with counting seals from visual RGB images and
thermal images, the number of seals within a section of the RGB and thermal mosaics was counted by
volunteers. In ArcMap, a rectangular polygon shapefile was drawn over the southern portion of Martin
Islet measuring 150 m in length and 50 m wide, covering an area of 7500 m2 (Figure 2.9). The RGB and
thermal mosaics generated from the August survey were clipped to this polygon using the Clip tool
within ArcMap. The resulting images were provided to different groups of volunteers with the
instruction to digitise any seals visible in the image. One group of volunteers (25 participants) were
provided with the clipped RGB image while another group (21 participants) were provided with the
thermal image. The total number of seals digitized by each participant was recorded and compared
within Microsoft Excel where the following statistical metrics were determined: Mean, Range,
Standard Deviation, Standard Error, and 95% Confidence Interval (C.I.).

Figure 2.9: Map showing the size and location of the study area that was clipped from the RGB and thermal mosaics.

To further analyse the detectability of seals using thermal sensors on Martin Islet, the digitised seals
from the August RGB survey were compared against the thermal image. This allowed us to determine
whether those seals identified in the RGB image by the author where in fact detected by the thermal
sensor. Each point within the seals shapefile for that survey were classified into categories depending
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on whether they appeared ‘hot’ (giving off the hottest signal in the thermal image) or ‘warm’ (giving
off some heat signature but appeared cooler than those classified as hot). Those seals that were not
visible (did not appear hot or warm) within the thermal image were also noted. As water can minimise
the heat signatures given off by animals, those seals that appeared visibly wet within the RGB image
where recorded.

2.5

A habitat suitability analysis of the seals on Martin Islet

2.5.1

An investigation of factors influencing seal occurrence around Martin Islet

2.5.1.1 Digital Elevation Model of Martin Islet
One of the DEM’s generated from the processing of UAV survey images was chosen to be used in
analyses relating to elevation. The chosen DEM was generated from 19 June 2019 survey due to it
having a fine resolution (2.01 cm/pixel) and highest point density (24.8 points/cm2) when compared
to the other DEMs generated using the DJI Phantom 4 drone. This DEM was developed without the
use of ground control points due to Martin Islet being difficult to access and the potential disturbance
of seals and breeding seabirds. Various positioning systems and aids such as ground control points can
affect the accuracy of a DEM developed from UAV imagery (Muji & Tahar 2017). DEMs are generated
differently using LiDAR data compared to using UAV photogrammetry. LiDAR sensors progressively
scan a scene rather than capturing complete snapshots of the scene at a given time. Resultingly, a
DEM is generated from a dense cloud of 3D points outputted from the LiDAR sensor. In contrast, after
a UAV survey, a 3D point cloud must be generated by georeferencing and overlapping the outputted
aerial images using photogrammetry software.
To align the values of the generated DEM in this study (Study DEM) to real-world values, it was
compared to a 1 m DEM of Martin Islet provided by the NSW Land and Property Information (LPI). LPI
is responsible for mapping NSW using LiDAR and the DEM produced for the Wollongong region can be
accessed from the ELVIS (Elevation Information System) website developed by Geoscience Australia
(Geoscience Australia 2019). The elevation values of our Study DEM had a negative offset compared
to the LPI DEM. In order to determine the difference between two rasters, they must be in the same
resolution. Thus, new rasters of each DEM were created with the same resolution (1 cm2). Within
ArcMap, a random raster was created, using the Random Raster tool, with an output cell size set to 1
cm2 and an extent defined as the UAV survey area. This raster was then converted to points, using the
Raster to Points tool, so that the elevation data from both DEMs could be extracted. Using the Extract
Values to Points tool within ArcMap, the elevation data from LPI DEM was extracted to the 1 cm point
grid. This was repeated for the Study DEM using a duplicate 1 cm point grid. Finally, the 1 cm point
grid for the LPI DEM and Study DEM were converted to new rasters using the Convert Points to Raster
tool in ArcMap. This resulted in an LPI DEM with a 1 cm2 cell size, and a Study DEM with the same
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resolution. The Raster Calculator tool was subsequently used to generate a difference raster of the
two DEMs. The statistics generated by this process included a mean difference which was then used
to adjust our Study DEM values. Within the Raster Calculator, the equation “Study DEM + “mean
difference of two DEMs” was used. This ensured the values of the two DEMs were aligned.
2.5.1.2 Elevation
The elevation of each seal observed was extracted and stored within the point shapefiles to determine
what elevations were preferred by the seals. The Add Surface Information tool within ArcMap was
used to extract the elevation values from the Study DEM raster where each seal observation point was
located. A new column was added to the attribute table of the seal shapefile being analysed to store
the elevation information.
2.5.1.3 Distance to shore
To investigate the importance of proximity to shoreline in determining where seals haul-out, the
distance of seal observations to the shore of Martin Islet was determined using the Near tool within
the Analysis toolbox of ArcMap. The tool calculated the distance in meters from each seal observation
to the nearest portion of the digitised shoreline.

2.5.2

Kernel density estimate analysis

In order to analyse the spatial variation in seal density across Martin Islet, a Kernel density analysis
was conducted within ArcMap on all the digitized seals from each monthly survey that were ashore.
Kernel estimation analyses generate a continuous surface displaying event intensity or density from
inputted point data that can be utilised as a pattern visualisation tool (Nelson & Boots 2008). The
Kernel Density tool within ArcMap estimates the density of each point feature (seal observation)
around each outputted raster cell. The surface value of each point is largest at the centre of that point
and reduces to zero as the distance from the point increases to the search radius. Any kernel surface
that overlaps a raster cell centre have their values added together to calculate the density of that
output raster cell. The result is each outputted raster cell representing a value of relative density or
events per unit area. In this study, the result values were seals per m2. To prepare for this analysis
each monthly point shapefile was joined to create a new point shapefile using the Merge tool in the
data management toolbox within ArcMap. All the seal observations that occurred in the water were
removed for this analysis as we were interested in the spatial distribution of seals on the islet itself.
The resulting point shapefile was run through the Kernel Density tool within the Spatial Analyst
toolbox in ArcMap. The output cell size and search radius were set to 1 m2 and 5 m respectively.
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2.5.3

Spatial regression analysis to investigate factors influencing seal density

To assess the influence of elevation and distance to shore on seal density, a spatial regression model
was conducted on a set of 100 points that were generated using a stratified random sampling
approach. As all the seal observations in the study fell along the coastline of Martin Islet, the points
generated were sampled within a 25 m buffer from the water’s edge (Figure 2.10). 50 points were
randomly generated within the 25 m buffer using the Generate Random Points tool within ArcMap.
An additional 50 random points were generated based on the probability metric of kernel seal density.
This was achieved by running the Create Spatially Balanced Points tool on the kernel density raster
generated from the monthly surveys. The two sets of points were merged into one shapefile
containing 100 points and associated kernel density, elevation and distance to shore information.

Figure 2.10: Map of Martin Islet showing the 100 sample points used for the spatial regression.

An ordinary least squares model was run to regress estimated seal density as a response variable
against elevation and distance to shore as independent variables using GeoDa, a free spatial analysis
software (Anselin 2003). This regression was run on a shapefile composed of 100 points and associated
density, elevation and distance to shore information. This regression model was adjusted and run as
a spatially lagged model that incorporated the effect of neighbourhood context through a spatially
lagged expression of the response variable. To allow for the spatially lagged expression, a spatial
weights matrix was created in order to incorporate the locations that belonged to each observation’s
neighbourhood. For example, where observation I and j were neighbours the weight associated to I, j
would equal 1 and otherwise the weight of I,j would be equal to 0 (Anselin & Bera 1998).
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2.5.4

Hot spot analysis of seals on Martin Islet

In order to identify regions of Martin Islet that are of particular importance to the seals, a hot spot
analysis on the seal counts was conducted. Hot spot analyses allows scientists to identify areas where
there is unusually sparse or intense spatial clustering of point features (Nelson and Boots 2008). The
hot spot analysis was conducted on the monthly seal counts using the Optimised Hot spot Analysis
tool within ArcMap. This tool calculates the Getis-Ord Gi statistic for each seal count in the dataset in
the form of z-scores. The tool subsequently produces a hot spot raster map that displays statistically
significant spatial clusters with high z-score values (hot spots) and those clusters of low z-score values
(cold spots) (Figure 2.11). The tool works by analysing each incident point feature in relation to
neighbouring points to determine which clusters or features are more statistically significant.

Figure 2.11: Flow chart showing an example set of input point features (seal observations in this study) and the output hot
spot map produced using the Optimised Hot spot Analysis tool within ArcMap 10.4.1 (ESRI n.d.-a). The output map identifies
statistically significant hot and cold spatial clusters. Hot spots with 90, 95 and 99% confidence level appear red and represent
spatial clusters of the input point features. Cold spots with 90, 95 and 99% confidence level appear blue and represent regions
where point features are statistically less likely to occur.

3.

Results

3.1

A Spatio-temporal investigation of the Martin Islet seal population

3.1.1

Monthly variation in seal numbers (UAV surveys)

Monthly UAV surveys conducted from March to August allowed for the temporal variation of seals to
be determined for Martin Islet. Figure 3.1 depicts the total seal counts from each monthly UAV and
boat survey. With the exception of the first survey in March, the total number of seals counted (seals
observed on land and in water) through UAV imagery increased with each monthly survey from 5 seals
in April to peak at 94 in August. A notable jump in total seal numbers occurred in May where the seal
count was more than fourfold that of the previous month. Numbers remained steady from May into
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June recording seal counts of 22 and 26 respectively. July recorded the largest increase in total seal
numbers between months (39), with the observed seal population of Martin Islet reaching 65.
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Figure 3.1: Monthly seal counts from UAV (dark grey) and boat (light grey) surveys. Overlayed is a line graph of monthly
average seawater temperatures for Port Kembla 2019 (blue).

Average water temperatures surrounding Martin Islet were analysed for the months from March to
August in 2019 (Figure 3.1). The water temperatures were on average at their highest in March
(22.95°C) and reduced over 6 months to lows of 16.66°C in July and 16.77°C in August. There is a
greater than 6°C difference in average seawater temperatures between the first month (March) in the
study and the last two months (July and August). The biggest change in water temperature across
months is between June and July, where average temperatures dropped 2.41°C. This was
accompanied by a corresponding increase in the number of seals observed.
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Figure 3.2: Line graph comparing the monthly seal counts on land (black) and water (blue) from the UAV surveys.

Figure 3.2 shows the number of seals observed on land versus those observed in the water
surrounding Martin Islet during each monthly UAV survey. There was an overall increase in the
number of seals on land over 6 months, which peaked at 74 in August. The largest change in seal
counts on Martin Islet itself was between June and July where there was an increase of 49 seals
between the two months. April and June saw decreases in land seal counts compared to the previous
month. The number of seals observed in the water increased with each month that they were present
(April, June, and August). The most seals observed in the water of a UAV survey was 20 during the
month of August. In April and June, the number of seals on land was comparable to the number of
seals observed in the water, however, in August there was a substantial difference (54) between seals
hauled out on land and those spotted in the water.
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3.1.2

Monthly spatial distribution of seals around Martin Islet

Figure 3.3: Spatial distribution of seal counts for each monthly UAV survey from March to August with corresponding UAV
orthomosaic.

Figure 3.3 outlines the spatial distribution of all monthly seal counts over the respective mosaics for
each UAV survey. The spatial distribution of seals varied throughout each monthly survey, however,
overall, the seal counts occurred along most of Martin Islet’s coastline with the exception of the northeastern corner of the islet. March and April seal counts shared a similar distribution with seals
favouring the west and south-western sections of the coastline. May was the first month that seals
were observed on the south-eastern rock platform (150°56’18” E, 34°29’42” S). June was the only
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month where seal counts on land and water were focused on the northern side of the islet. In June,
69% of the seals observed on land were identified on the northern portion of Martin Islet, while
another group of seals were situated on the southern side near a fracture in the rock surface. Water
can be seen rushing up the rocks in the mosaic alongside where a group of four seals aggregated
(Figure 3.3). In July, the majority of seals (66%) counted on land were observed on the south-eastern
platform. August saw the same pattern with 55% of seals observed on land occurring on the same
platform. The second-largest aggregation of seals for both surveys occurred along a strip of the southwestern corner of the islet. Apart from a few additional seals on the northern side of the islet in
August, the seal counts for May, July and August followed a similar spatial pattern. It is apparent in
the mosaics that the south-eastern rock platform is wet from wave action during the March and June
surveys (Figure 3.3). While the majority of seals hauled out in pairs or groups, there were a number of
occasions of lone seals hauled out in more isolated areas during each monthly survey.
For the monthly UAV surveys, seals observed in the water showed no consistent preference to a
particular side of Martin Islet. Seals were identified south, north/east, and southeast of the islet
during the April, June and August surveys respectively. On each of those surveys, however, the seals
in the water appeared to share the same side of the island as the majority of seals hauled out on
land. Two deer were captured in the August UAV survey, situated on the north-eastern corner of
Martin Islet. It is unclear how this may have impacted the fur seals on the islet. The deer were only
present on Martin Islet for one week (Rowena Morris 2019, personal communication, 29 August). No
records of deer have previously been recorded.
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3.1.3

Diurnal variation in seal numbers
120

A
110

Number of seals

100

90

80

70

60
0 (Sunrise)

2

4

6

8

10 (Sunset)

Time of day (hours since sunrise)
100

B

90
80

Land
Water

Number of seals

70
60
50
40

30
20
10

0
0 (Sunrise)

2

4

6

8

10 (Sunset)

Time of day (hours since sunrise)

Figure 3.4: Diurnal UAV seal counts every two hours from sunrise (07:00) to sunset (17:00). A) Total seal counts every two
hours after sunrise. B) Comparison of land (black) and water (blue) seal counts over the same period.

Seal counts conducted every two hours from sunrise to sunset showed considerable variation in the
total number of seals on Martin Islet and within its surrounding waters (Figure 3.4A). Overall, the total
number of observed seals were at their greatest around midday before dropping off toward sunset.
Total seal counts were at their lowest at sunrise (07:00) (67) and peaked 2 hours after sunrise (11:00)
(103). The largest shift in total seal counts throughout the diurnal period was an increase of 40 seals
within those 2 hours from sunset. The number of seals plateaued at approximately 100 around midday
(from 2 to 6 hours after sunrise (11:00 – 13:00)). A notable drop in total seal numbers occurred 8 hours
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after sunrise where the seal count fell to 81 and remained around that figure until sunset (15:00 –
17:00).
As hours from sunrise increased to 6, the number of seals on land increased to a peak of 86 before
dropping to the mid-60s for the remaining 2 hours (Figure 3.4B). The most significant shift in seal
numbers occurred within the 2 hours after sunrise as the land seal count increased from under 20 to
67. Water seal counts exhibited the opposite pattern, with the number of seals in the water
surrounding Martin Islet showing a gradual decrease as the hours from sunset increased. At sunrise,
70% of the total seal count was observed in the water. The number of seals in the water decreased
from over 47 at sunrise to under 10 at sunset.

3.1.4

Diurnal spatial distribution of seals around Martin Islet

Figure 3.5: Spatial distribution of seal counts for each diurnal UAV survey from sunrise (07:00) to sunset (17:00) with
corresponding UAV orthomosaic.
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Figure 3.6: Spatial distribution of seal counts for each diurnal UAV survey with a focus on the south-eastern rock platform of
Martin Islet (150°56’18” E, 34°29’42” S).
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The daily spatial distribution of seals on Martin Islet closely followed the latter two monthly surveys
(7 July and 25 August 2019) (Figures 3.3, 3.5). As numbers increased, however, more areas of the
coastline were utilised, particularly the northern sections. The two main aggregation areas from the
monthly surveys, the southwest and southeast corners of the islet, were occupied consistently from
sunrise to sunset. As seen in figure 3.6, the number of seals on the south-eastern platform peaked at
63 seals 6 hours after sunrise (13:00). Initially, the seals occupied the eastern section of the rock
platform, however, as the number of seals increased, they covered a greater area pushing further
west. As the sun began to go down, a shadow was cast over the platform until it was entirely shaded.
Between 13:00 and 15:00, the platform lost 21 seals and those seals still present on the platform
followed the line of shade. The majority of seals were positioned in a way that they remained in the
sun (Figure 3.6). At sunset, however, once the entire platform was completely shaded, 5 more seals
hauled out in a similar pattern to 4 hours prior. Seal counts in the water occurred predominantly off
the south-east corner of the islet, however, seals off the eastern corners were identified at sunrise
(07:00) and 8 hours after sunrise (15:00).

63

3.2

An evaluation of in-situ and aerial techniques for surveying seals on Martin Islet

3.2.1

A comparison of boat-based and aerial UAV methods
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Figure 3.7: A) Monthly land seal counts from UAV (dark grey) and boat (light grey) surveys. B) Monthly water seal counts
from UAV (dark grey) and boat (light grey) surveys.

The number of seals counted from a boat by the two observers was identical for each monthly survey.
As observed in the UAV counts, the total number of seals counted by boat increased with each month
from March to August (Figure 3.1). The total number of seals observed from boat surveys in the first
three months of the study were quite similar to the seal counts achieved via UAV, differing by 7 seals
at most (Figure 3.1). During the March survey, no seals were observed from the boat, yet UAV images
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allowed for 7 seals to be identified on land within the produced mosaic (Figure 3.1). In the months of
July and August where the UAV surveys saw a large increase in seal numbers, the boat surveys failed
to capture the same substantial increase. For July, just over 50% of the number of seals observed
during the UAV survey were identified through the boat-based method. In August, out of the 94 seals
identified through the UAV survey, the boat-based approach recorded 37% of the seals.
Figure 3.7 compares the number of seals observed on land (A) and water (B) across the two survey
methods, boat and UAV. UAV counts of seals on land were always greater or equal to those counts
made from a boat (Figure 3.7A). Only during April did the boat and UAV survey produce identical
counts for seals on land and in the water. The maximum number of seals counted on land during a
boat survey was 34 on 7 July 2019. The corresponding UAV survey recorded 91% more seals. The
largest difference between boat and UAV land counts was 46 seals in August. In comparison, the
largest count of seals in the water from a boat was 17 (June) while 10 seals were observed though the
corresponding UAV survey (Figure 3.7B). In May seals were spotted from the vessel but the UAV survey
failed to capture any seals in the waters surrounding Martin Islet.

3.2.2

A comparison of thermal and RGB colour sensors for surveying seals from above

3.2.2.1 Uncertainty analysis
Figure 3.8 is the orthomosaic generated from the thermal UAV survey conducted on 25 August 2019.
The low-temperature threshold for the thermal camera was set to 13°C and appears black in figure
3.8. Despite the survey occurring early in the day (09:00), it is apparent that the sun had already
warmed large areas of the islet. This is displayed by the majority of red surfaces (representing
temperatures closer to the high threshold of 22°C) appearing to face a north or north-east aspect
(Figure 3.8). Objects facing north or north-east typically receive the most direct sun. The southern
portion of the islet that was used for the uncertainty analysis was less impacted by this effect (Figure
3.9B).
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Figure 3.8: Mosaic of Martin Islet developed from thermal UAV images taken on 25 August 2019. Objects appearing bright
red are of high temperature while those that appear black are of low temperature. Note, the majority of the northern side of
the island and other surfaces with a northeast aspect appear warm from the sun heating up the rocky landscape.

Figure 3.9: A) Insert map of Martin islet showing the location of the section of Martin Islet given to volunteers to digitise seals.
B) The section of the thermal mosaic C) The section of the RGB mosaic.
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B

Figure 3.10: A) Frequency histogram of the distribution of seal counts within the thermal image (n = 21), fitted with a gaussian
normal distribution curve. B) Frequency histogram of the distribution of seal counts within the RGB image (n = 25), fitted with
a gaussian normal distribution curve. The y-axis represents the number of participants while the x-axis indicates the number
of seals counted within the thermal or RGB image. The statistical values from the uncertainty analysis appear in the top right
(A) and top left (B) of the respective graphs.

Figures 3.9B and 3.9C outline the section of the thermal and RGB images of Martin Islet that the
volunteers were provided with for the digitisation exercise. The number of participants in the
digitisation exercise was slightly greater for the RGB image analysis (25) compared to the thermal
analysis (21). The thermal exercise resulted in a wide statistical spread in the seal counts that ranged
from 17 to 243, with a standard deviation of 61 and a standard error of 13 (Figure 3.10A). In
comparison, the RGB exercise yielded a more concise statistical spread that ranged from 48 to 77, with
a standard deviation of 7 and a standard error of 1 (Figure 3.10B). The 95% confidence interval for the
RGB exercise was considerably lower than the thermal exercise, being ± 3 and ± 26 respectively (Figure
3.10). Participants using the thermal image found it difficult to distinguish between rocks and seals
due to many rocks giving off heat signatures that resembled those given off by seals (Figure 3.11).
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Figure 3.11: A) Screenshot of the thermal image within ArcMap showing false positives (blue points) from participant TIR1.
B) The corresponding RGB image to demonstrate the influence of the sun on the rocky islet. C) Insert map of Martin Islet
showing the location of frames A and B.

3.2.2.2 Seal detectability
Out of the 74 seals counted on land in the RGB image by the author, 79% were detectable in the
thermal image, meaning they appeared hot (red) or warm (orange to white). Specifically, 29 seals
were identified as hot, while the same number of seals were identified as warm. The thermal sensor
failed to detect seals that were visibly wet, with those seals appearing dark grey or black and lacking
a distinguishable shape within the thermal image. 16 seals digitised in the RGB image were undetected
by the thermal camera, however, 15 of these were classified as being visibly wet. Thus, 99% of the
seals digitised in the RGB image could be accounted for as being hot, warm or visibly wet. However,
surfaces directly adjacent to many counts were indistinguishable from the seals themselves. For
instance, figure 3.12 shows a group of 4 seals giving off clear heat signatures in close proximity to a
rock surface giving off a similar-looking heat signature in terms of shape, size and colour.
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Figure 3.12: A) Screenshot of the thermal image within ArcMap showing seal observations from the RGB image (blue dot),
including a wet seal (green point). The wet seal appears darker than its surroundings rather than brighter due to the water
covering the seal’s heat signature. Note the large hot blob to the south-west of the wet seal is not a seal observation. B) The
corresponding RGB image displaying the same seal observations as A). The large hot blob visible in A is shown to be rocks in
B C) Insert map of Martin Islet showing the location of frames A and B.

3.3

A habitat suitability analysis of the seals on Martin Islet

3.3.1.1 Digital Elevation Model of Martin Islet
From a sample of 100 random points across Martin Islet, a strong positive correlation was found
between the elevation data within our Study DEM and the DEM produced by the NSW Land and
Property Information (LPI) (R2 0.99) (Figure 3.13D). The highest elevation on Martin Islet, as
determined by the Study DEM, was 15.69 meters above sea level (m a.s.l.) and is located west of the
centre of the islet. Visually the two DEMs align well, however, the Study DEM appears more detailed
in its delineation of certain elevation changes (Figure 3.13A, B).
The 3D model of the Study DEM provides a unique view of the somewhat uniform rock platform in the
south-eastern corner of Martin Islet that is referred to in section 3.1. This area is predominantly under
3 m a.s.l. (Figure 3.14). Similarly, on the opposite side of the island (the northern side), there is a large
area of low elevation (Figure 3.14A). In comparison, the east to northeast side of the island contains
only a small band of coastline under 3 m a.s.l. and the rapid change in elevation shown in figure 3.13A
indicates the area is relatively steep.
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Figure 3.13: A) A map of the DEM produced in this study, areas of high elevation appear brown while those of low elevation appear pink to white. B) 3D model of the Study DEM produced in
ArcScene using the same legend as A). C) Map of the LPI DEM of Martin Islet produced using a LiDAR survey. D) Scatter plot of the LPI DEM as a function of the Study DEM with trend line shown
in red. The axis represents the corresponding elevation above sea level values from a set of 100 random points generated over Martin Islet within ArcMap.
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3.3.1.2 Elevation

Figure 3.14: Study DEM of Martin Islet showing the change in elevation (meters above sea level) with overlaying monthly seal
counts (grey points) (n = 188). Locations of low elevation appear pink while the highest elevations appear brown.

Figure 3.14 shows a map of the Study DEM with the location of all monthly seal counts (n = 188)
overlayed. The highest elevation of all monthly seal observations was 7.18 m a.s.l. (June) while the
lowest elevation recorded was 0.02 m a.s.l. (May). The mean elevation for seal counts was 2.93 m
a.s.l. with the majority of seals (60%) occurring within an elevation range of 2 – 4 m a.s.l. (Figure
3.14,15). Elevations between 0 – 2 and 4 – 6 m a.s.l. accounted for another large proportion of the
seal counts, 21% and 18% of the seals respectively. Despite this, no seal observations occurred on the
relatively flat and embayed platform on the northern side of the islet (on opposite sides of the southeastern platform). May is the only month where the majority of seal observations (73%) fell within 0
– 2 m a.s.l. No monthly surveys observed more than one seal above 6 m.
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Figure 3.15: Histogram showing the number of monthly seal observations across various elevation (n = 188).

3.3.1.3 Distance to shore

Figure 3.16: Map of Martin Islet showing the Euclidian distance to shore, produced in ArcMap. Small distances from the shore
are displayed as yellow while larger distances are shown as blue. Overlayed is the seal counts for the monthly surveys (grey
points) (n = 188).

Figure 3.16 is a map showing the distance to shore with respect to the locations of all monthly seal
counts. As the distance from shore increased there was an overall decrease in the number of seal
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observations. The furthest distance from shore recorded was 21.15 meters (July), however, the
majority of seals (96%) were identified within 16 meters (Figure 3.16, 17). July was the only month
where seals were identified passed a distance of 16 meters from shore. A large proportion (64%) of
counts occurred between a distance of 4 – 12 meters from shore (Figure 3.17). Seal counts were on
average 8.46 meters from the shore of Martin Islet.

Figure 3.17: Histogram showing the number of monthly seal counts against distance to shore (meters) (n = 188).

3.3.2

Kernel density estimate analysis

Figure 3.18: Kernel density analysis of seals on Martin Islet based on the monthly UAV surveys (n = 188). Areas of low density
to high density are outlined by colour classes ranging from a transparent green → dark green→ yellow → orange → red as
density increases.
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The kernel density estimate analysis demonstrated that seal density was greatest on the southern side
of Martin Islet, predominantly in the southeast and southwest corners (Figure 3.18). The highest
estimated seal density was 0.662 per m2 and occurred on the south-eastern platform. The majority of
this platform was found to have a density that was greater than 0.105 seals per m2 with the density
gradually reducing in a westerly direction. A small section of the platform on its southern edge had
low density (< 0.001 seals per m2). The southwest corner of the islet is characterised by a discontinuous
band of high seal density (> 0.105 seals per m2). Large portions of this corner of Martin Islet also range
from 0.27 – 0.079 seals per m2. Another region of high density occurred on a smaller section of the
eastern slopes of Martin Islet. In the north of the islet, there is one area with densities reaching >
0.105 seals per m2 while also having two smaller regions of lower density on either side of it. The entire
northeast section of Martin Islet is characterised by low density (< 0.001 seals per m2).

3.3.3

Regression analysis on seal density

Table 3.1 summaries the results of two regression models of seal density against elevation and
distance to shore. Firstly, an ordinary least squares regression was run and then a subsequent spatially
lagged regression model was conducted. The incorporation of the spatially lagged expression
improved the performance of the model (R2 increased from 0.09 for the ordinary least squares model
to 0.77 for the spatially lagged model).
Table 3.1: Results of a spatially lagged regression between seal density and elevation and distance to shore.

Summary of Output: Ordinary Least Squares Estimation
Number of observations

100

R-squared

0.094786

Constant coeff.

0.1384

Elevation coeff.

-0.0320082

Distance to shore coeff.

00888094

Summary of Output: Spatial Lag Model
Number of observations

100

Lag coeff. (Rho)

0.89218

R2

0.772647

Seal density coeff.

0.89218

Elevation coeff.

-0.00684004

Distance to shore coeff.

0.00246489
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3.3.4

Hot spot analysis of seals on Martin Islet

Figure 3.19: Hot spot analysis of monthly seal counts on Martin Islet from March to August. Hot spots of increasing statistical
confidence appear as hashed lines, green (90%) → blue (95%) → red (99%). The major zones containing hot spots are outlined
in black and numbered from 1 to 3 based on decreasing degree of confidence contained within.

A hot spot analysis of Martin Islet determined areas of statistically significant spatial clusters of seal
observations based on the monthly seal counts from March to August 2019 (Figure 3.19). These hot
spots represent areas where significantly more seals were observed to occur than would have been
expected if they were randomly distributed across the islet. The three major zones containing any
level of hot spot confidence (90%, 95%, and 99%) have been identified in figure 3.19. These zones
cover a combined area of 2016 m2, accounting for approximately 8.39% of Martin Islet. The areas that
were determined as statistical hot spots with 99% confidence occur in the southeast and southwest
corners of the islet, zone 1 and 2 respectively. Apart from a 32 m2 area in the southwest portion of
zone 1, the remaining 992 m2 of this zone was classified as a hot spot with 99% confidence. Zone 2
covers an area of 960 m2 in total, 88% of which is considered a 99% confidence hot spot. Zone 3 is 16
m2 and is located on the northern side of the islet. This zone was classified as being a hot spot of 90%
confidence.
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4.

Discussion

The central aim of this study was to investigate the seal population at Martin Islet within Five Islands
Nature Reserve, NSW. The investigation emphasised the temporal variation, spatial distribution and
habitat suitability of the seal population over a period of six months, as well as evaluating in-situ and
aerial techniques for surveying seals on Martin Islet. This thesis is the first study of the seal population
on Martin Islet, thus, it fills an existing knowledge gap and provides a baseline for future population
changes to be compared against. Apart from anecdotal information, there is no published data
available to help guide conservation management of seals at Five Islands Nature Reserve. Therefore,
the results of this study will help guide management decisions and assist in determining the viability
of using UAVs as a monitoring tool for species on Martin Islet. The findings, while focused locally on
Martin Islet, will improve our understanding of the status of fur seals within NSW and more widely in
Australia. The findings also investigate a range of approaches for seal population assessment,
generating insights that can be applied elsewhere.

4.1

Overall temporal variation in seal numbers

Monthly UAV surveys of the seal population on Martin Islet from March to August showed an overall
increase in observed seals from less than 10 individuals in March to a peak of just under 100 seals in
August. However, the greatest number of seals observed on Martin Islet and its surrounding waters
during all UAV surveys (monthly and diurnal) was 103 seals on 22 and 23 July 2019. The number of
seals observed to be specifically hauled out on Martin Islet showed an overall increase over the sixmonth period, peaking at 86 seals on 22 July (13:00) during the diurnal surveys. Surveys conducted in
July and August demonstrated a notable difference in seal numbers compared to previous months,
with the population increasing by just short of 40 seals from June to July before remaining steady into
August. Similarly, Shaughnessy et al. (2001) and Burleigh et al. (2008b) observed a substantial increase
in seal numbers from June to July and August at other NSW haul-out sites, Montague Island and
Steamers Head respectively.
While conducting a vegetation and seabird survey of Martin Islet in September 2016, Carlile (2019)
estimated that there were approximately 90 fur seals on Martin Islet. Two years prior, while
conducting a similar survey on Big Island II, again in September, Carlile observed about 150 to 200
seals on and just off the western side of Martin Islet (Nicholas Carlile 2019, personal communication,
14 September). This suggests that the seal population at Martin Islet may continue to increase into
September, as observed at other haul-out sites in NSW (Irvine et al. 1997; Shaughnessy et al. 2001;
Burleigh et al. 2008b). However, when seals form large aggregations, previous research has suggested
difficulties in distinguishing between individual seals when using ground counts, leading to inflated or
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deflated estimations of seal numbers (Sorrell et al. 2019). Therefore, observations of seals on Martin
Islet by Carlile (2019) should be corroborated by further UAV surveys. Burleigh et al. (2008b) found
that the maximum number of observed seals at Steamers Head, Jervis Bay, increased from a few
individuals in May to a peak of 137 seals in September before subsequently dropping off in October.
The seal population at Montague Island exhibits a similar trend with seal numbers increasing from July
to September or October and then reducing into summer (Irvine et al. 1997; Shaughnessy et al. 2001).
Martin Islet, therefore, appears to follow a similar trend in seasonal seal occupation between March
and August to at least two NSW haul-out sites, Steamers Head and Montague Island. Montague Island
is located further south from Martin Islet (208 km) compared to the Steamers Head haul-out site (78
km) and acts as a breeding colony for Australian fur seals, thus, a seal occupation that follows Steamers
Head is more likely for Martin Islet. However, further surveys of Martin Islet into September and across
the breeding season (summer months) need to be conducted in order to determine this.
The reduction in seal numbers at NSW haul-out sites in early spring and summer corresponds with a
rise in seal numbers at breeding colonies within the Bass Strait, which reflects the movement of seals
north during winter before returning south to breed (Burleigh et al. 2008b; Warneke 1975). Irvine et
al. (1997) suggested that warmer air temperatures may be a catalyst for the decrease in seal numbers
at Montague Island during summer. Fur seals are intolerant to high air temperatures, as their thick fur
layer, dense blubber, and large body size make it difficult to regulate their body temperature on land
(Garlepp et al. 2014; Goldsworthy & Kirkwood 2013). The absence of rock pools for seals to
thermoregulate may encourage them to migrate further south to sites that are more accommodating
(Irvine et al. 1997). Similarly, Martin Islet does not exhibit large rock pools that could be used to cool
down, therefore, they are forced to return to the water.
Water temperature data gathered from Bureau of Meteorology’s Port Kembla tide gauge showed an
overall decrease in average seawater temperatures from March to August. Similar to observed seal
numbers, the greatest change in water temperatures across months occurred between June and July
(-2.41°C). It was found that the months with the largest seal counts (July and August) corresponded
with the two coolest seawater temperatures during the study. The average seawater for July and
August were 16.66°C and 16.77°C. This correlates well with Arnould & Kirkwood (2007)’s findings that
Australian fur seals favour cooler waters for foraging, specifically, temperatures between 16—
16.88°C. Average monthly seawater temperatures for Port Kembla over the past 10 years also show a
notable drop in seawater temperature from July to September, consistent with the temperature range
stated by Arnould & Kirkwood (2007) (Figure 4.1). This suggests that as water temperatures cool from
June into July and August, fur seals may find waters surrounding Martin Islet preferable for foraging,
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therefore, leading to greater numbers of seals hauling out on the islet. Shifts in water temperatures
have been shown to influence prey availability which consequently could determine where and when
seals forage. Fluctuations in water temperatures have also been found within the Bass Strait to
correlate with shifts in Australian fur seal diet as well as the development of pups and their time of
birth (Kirkwood et al. 2010). Kirkwood et al. (2008) documented variations in the diet of Australian fur
seals through a 9-year scat analysis. Changes in prey species coincided with cooler sea surface
temperatures in the western Bass Strait where the seals foraged, which suggests the availability and
abundance of prey is influenced by oceanographic currents (Kirkwood et al. 2008; Arnould et al. 2011).

Average Seawater temperature (°C)

24
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14
12
10

Month
Figure 4.1: Annual mean seawater temperature for Port Kembla over the past 10 years (2009—2018). Note the coolest
seawater temperature occur on average between July and September (Data sourced from Bureau of Meteorology 2019).

Under a high emissions scenario, sea surface temperatures are projected to warm by up to 4°C in
Tasmanian waters alone and to a lesser extent around other parts of Australia (CSIRO & Bureau of
Meteorology 2015). The East Australian Current is expected to have more influence further south past
the east coast of Australia bringing warmer waters with it (McLean et al. 2018). This would impact the
Bass Strait and could potentially influence where seals haul-out as well as breeding and foraging
patterns (Arnould & Kirkwood 2007; Kirkwood et al. 2010). As water temperatures increase, seals may
not favour haul-out sites further north, such as Martin Islet and others in NSW.
Australian fur seal pups are only recognisable from late October to March due to their coat changing
from a distinguishable black to a silver post moult (Shaughnessy 2001). As a result, it is not possible to
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differentiate pups from juveniles after March. During our surveys, no pups were observed by UAV or
boat, indicating that like the majority of NSW haul-out sites, Martin Islet is not a breeding colony.

4.2

Diurnal variation in seal numbers

From diurnal UAV surveys conducted in late July, that daily haul-out behaviour was found to be
characterised by a peak in seal haul-out numbers at midday before dropping eight hours after sunrise.
Conversely, the number of observed seals in the water surrounding Martin Islet decreased as the day
progressed from 47 at sunrise (70% of total seals counted) to under 10 at sunset. Similarly, Burleigh
et al. (2008b) also found that the number of Australian fur seals on land increased as the day
progressed. Studies investigating other species of seals and sea lions, including the Long-nosed fur
seal, have shown a similar trend of seals increasing in haul-out numbers as the day progresses and a
subsequent decrease in mid-afternoon or evening (Stirling 1968; Sepúlveda et al. 2012; Osterrieder et
al. 2015). The low number of seals observed on Martin Islet at sunrise and a reduction in numbers at
sunset could be explained by the seals foraging patterns. Figure 4.2 displays dive profiles of an adult
male Long-nosed fur seal, indicating that these seals forage nocturnally and remain close to the
surface or haul-out during the daylight hours (Kirkwood & Goldsworthy 2013). Foraging is
concentrated at night due to prey generally being closer to the surface compared to daylight hours
(NZ Department of Conservation 2019).

Figure 4.2: Dives made by an adult male Long-nosed fur seal, showing the depth and whether they occurred during the day
or night. The deepest dives, occurring at dusk and dawn, are inferred by Kirkwood and Goldsworthy (2013) to represent
foraging while the shallower dives relate to sleeping behaviour (Source: Kirkwood & Goldsworthy 2013).

Hauling out on rocky island platforms, beaches or ice sheets is a crucial component in all seal species
life history (Boehme et al. 2016). Haul-out behaviour seems to vary between species and among some
it has been shown to shift between seasons (Lake et al. 1997). For example, harbour seals have been
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found to exhibit greater numbers on land around midday in summer, however, during other seasons
of the year, fewer seals are observed at the same time of day (Cunningham et al. 2009). Little is known
about the specific haul-out behaviour of Australian fur seals, however, it may be influenced by a
variety of physical and biological factors that characterise various haul-out sites (Boehme et al. 2016;
Osterrieder et al. 2015). Shifts in the ambient temperature at haul-out sites and breeding colonies
have been found to influence the number of Australian fur seals ashore (Burleigh et al. 2008b; Garlepp
et al. 2014; Gentry 1973; Irvine et al. 1997). Garlepp et al. 2014 found that the number of seals ashore
at Seal Rocks, Victoria, declined significantly as ambient temperature increased. On days exhibiting
high-temperatures (above 25°C) the seals preferred to remain in the water, while on cooler days the
numbers ashore increased. Furthermore, when temperatures reached 30°C during the breeding
season Garlepp et al. (2014) observed a 92% reduction in the number of seals ashore compared to
when the temperature was 20°C. Interestingly, Gentry (1973) determined that when the rock’s surface
temperature was greater than 33°C Australian fur seals returned to the water. Additional diurnal
surveys on a greater number of days would allow for an adequate assessment of the potential
influence of temperature on seal haul-out behaviour at Martin Islet.
Contrary to Garlepp et al. (2014), Burleigh et al. (2008)’s found that more seals hauled out in warmer
temperatures indicating that site features, such as the location of Steamers Head haul-out site at the
bottom of a southerly facing cliff, may influence the haul-out behaviour of seals. Similarly, the
southern side of Martin islet is subject to shade in the afternoon and into the evening. Visual analysis
of the south-eastern platform on Martin Islet during the diurnal surveys demonstrated that the seals
appeared to avoid the shade, moving their haul-out position as hours since sunrise increased (Figure
3.6). While the literature shows an emphasis on seals entering the water or utilising shade to
thermoregulate, many of these studies were conducted during the pupping and breeding season over
summer while the diurnal surveys in this study were conducted in winter (Carey 1991; Bradshaw et al.
1999; Garlepp et al. 2014; Gentry 1973). Therefore, the seals observed in our study may have favoured
the warmth of rocks still receiving direct sunlight rather than seeking shade or entering the water.
Further surveys over the summer months would reveal any seasonal variations. The fine-scale haulout patterns of seals of Martin Islet, including an understanding of the times of day when the most
seals are likely to be on land will help improve the design of future aerial surveys, provide more
accurate population estimates and allow managers to assess potential impacts of disasters such as oil
spills.
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4.3

Effectiveness of boat and UAV methods for surveying seals

Each monthly UAV survey was accompanied by boat counts to evaluate the usefulness of in-situ and
aerial techniques for surveying seals on Martin Islet. As the total number of seals increased, the
disparity between the UAV and boat counts became more significant. Seal counts differed by a
maximum of 7 seals from March to May, however, during July and August where the UAV surveys saw
a large increase in seal numbers, the boat-based approach recorded just 52% and 37% of the seals
observed using a UAV. This large difference is most likely due to the poor visibility of the rock platforms
from the vantage if a moving boat. The entire coastline of Martin Islet is characterised by elevated
rugged platforms and rock ledges which made it difficult to observe seals hiding under or adjacent to
rocks and other seals. The significant elevation change from the water’s edge made counts from the
boat difficult, as parts of the site were obstructed by elevated rock ledges and therefore not visible
from water level. Shaughnessy (2001) experienced a similar phenomenon at Montague Island when
trying to count Australian fur seals and Long-nosed fur seals from a boat, stating some areas of the
haul-out site just were not visible from a vessel. Burleigh et al. (2008b) stated that the horizontal
viewing angle provided by boat counts meant that not just rocks but individual seals obstructed the
view of observers. This issue was experienced during boat surveys of Martin Islet, particularly when
viewing the south-eastern rock platform which is relatively level. The advantage of UAV surveys is that
the entire study site is captured, including seals resting behind rocks or hauled out further inland. The
impact of this is shown in the March survey where boat counts resulted in no seals observed while
subsequent UAV survey revealed there were actually 7 seals on Martin Islet.
Even when seals were visible from the boat, their dominant brown to grey coat made identifying them
problematic within the limited time window of a boat passing by, except when some kind of
movement was observed, such as rolling over or waving limbs (Figure 4.3). While this issue still has an
influence on UAV surveys (Figure 4.4), the ability to zoom in on a static image without being impacted
by a moving vessel minimises this effect. Adam et al. (2017) experienced similar issues associated with
boat-based seal counts, finding that boat counts consistently underestimated the number of California
sea lions observed in UAV surveys by 20.27 – 34.47%. Correction factors have been used in the past
to improve estimates made from a boat, however, these do not incorporate site-specific
environmental features. One correction factor that is currently used for California sea lion pup
abundance is adding 50% to the number of seal pups counted from a boat (Le Boeuf et al. 1983). Each
seal haul-out site is unique topographically, therefore, the effectiveness of boat counts at sites is likely
to vary. Some haul-out sites are characterised by topography that favours boat surveys, such as slopes
facing toward the water’s edge (Adam et al. 2017). For example, the haul-out site at Steamers Head,
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Jervis Bay is characterised by a cliff and cave overhanging the sea, meaning that a boat-based method
is the only practical way of ensuring accurate counts (Burleigh et al. 2008b). Offshore islands, like
Martin Islet, are more exposed, and therefore, favour aerial surveys.
One advantage of boat surveys is that the population estimate is gathered instantaneously in the field.
UAV surveys require the images to be processed post-fieldwork which can take up to 16 hours
depending on a number of factors, including image number and resolution. There is also the time
associated with the subsequent task of digitising or counting the seals from the generated
orthomosaic.

Figure 4.3: Photograph of two seals hauled out on Martin Islet taken during a boat survey. The two seals are identified by a
red circle. Note the colour of the seal on the left more closely resembles the rocks. The seal on the right is visibly wet and
therefore appears slightly darker.

Figure 4.4: UAV image of seals on the south-eastern platform at Martin Islet before (A) and after (B) counting (yellow points).
At first glance, the seals are almost unrecognisable from the rocky surroundings.
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4.4

Effectiveness of UAV thermal and RGB sensors for surveying seals

A digitisation exercise conducted by 46 volunteers allowed us to statistically evaluate the effectiveness
of using thermal sensors for surveying seals on Martin Islet when compared to regular visible RGB
imagery. The interpretation of seals from thermal images emerged as particularly uncertain. The range
in the number of seals estimated within the selected study area was substantially higher among the
thermal participants (226) compared to those analysing the RGB image (29). Furthermore, the total
number of seals digitised was also greater for the thermal participants. This is believed to be largely
due to the misinterpretation of warm rocks for seals, thereby resulting in a substantial number of
“false positives”. Because the rocks had been warmed by the sun, it made it difficult to distinguish
between seals and the surrounding landscape as many rocks gave off heat signatures that resembled
those given off by seals on the thermal image. This was influenced by the undulating shape of the
rocks on Martin Islet and the fact that in many cases the north-eastern aspect that catches the sun
seemed to appear similar in size and shape to a seal on the thermal image.
Another issue is the degree to which the various surfaces on the study site absorb latent heat. Rocks
absorb energy at a faster rate than materials such as ice or wet sand (Udevitz et al. 2008). Thus, on a
more homogenous environment, such as a sand bar or ice sheet, the thermal sensor could potentially
better distinguish the seals from their surroundings. A study of walrus populations on sea ice in Alaska
using an airborne thermal scanner was effective due to the thermal contrast between the mammals
and the ice (Udevitz et al. 2008). Another potential explainer for the large range in thermal seal counts
in this study could be that when seals haul-out in groups alongside one another, their thermal profiles
typically merge leading to further issues in detecting individual seals (Gooday et al. 2018).
The thermal sensor failed to detect seals that were visibly wet. This is due to the water masking the
thermal profile of the seals (Gooday et al. 2018). While in this study the number of visibly wet seals
was relatively low (15), at larger colonies where there are thousands of seals hauling out, this may
have the potential to significantly impact the accuracy of seal counts. Out of all the seals observed in
the RGB image by the author, excluding those that were visibly wet, 99% were detectable in the
thermal image as appearing hot or warm. While this seems significant, when considered within the
context of the uncertainty analysis conducted on the volunteer groups, the use of a thermal sensor
does not appear to be an adequate method for surveying seals on Martin Islet. While the sensor did
pick up the heat signatures of the seals, the signature of rock surfaces directly adjacent to many seals
were indistinguishable from the seals themselves. If the thermal survey was conducted when seal
counts were found to be at their highest, around midday, the uncertainty would likely increase.
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While Seymour et al. (2007)’s study of grey seals (Halichoerus grypus) demonstrated the potential
effectiveness of combining thermal imagery and auto-detection models, this method relies heavily on
high-resolution imagery and a relatively homogeneous environment in order to greatly distinguish
animals from their surroundings (Hollings et al. 2018). In our study, for instance, an auto-detection
model would likely have similar difficulties identifying seals as the test group experienced which is
likely due to the dynamic nature of Martin Islet’s topography. However, utilising UAV video footage
rather than images to determine the abundance of mammals has shown promise (Gooday et al. 2018;
Spaan et al. 2019; Kays et al. 2019). Gooday et al. (2018) used the movement of seals while piloting
the UAV to decide when to stop and concentrate on an area if a seal was spotted. Therefore, the UAV
would be flown continuously and subsequently stopped and made to hover whenever a
distinguishable feature such as the seal’s eyes or head was obvious on the thermal camera. Hovering
the drone, Gooday et al. (2018) states, helped eliminate issues of merging thermal profiles among seal
aggregations. Spaan et al. (2019) utilised a similar approach for surveying spider monkeys. The
movement of the monkeys within the thermal footage assisted in distinguishing them from tree
branches and other objects in the surrounding environment that were emitting a similar heat
signature. Utilising UAV thermal footage is an avenue that could possibly result in a more effective
survey of the seals on Martin Islet.

4.5

Spatial distribution and habitat suitability

One advantage that UAVs provide scientists over boat surveys is that a target species can be identified
and have their respective positions recorded in geographic space thanks to the onboard GPS. Visual
analysis of the spatial distribution of seal counts and Kernel density estimate analysis on Martin Islet
showed that seals were mostly observed around the southern coast of the islet, with 80% occurring
within 12 meters of the shore. A few individuals occurred on the west and north sides of the islet,
however, no seals were observed along the eastern perimeter. Kernel density analysis revealed the
locations with the greatest seal density occurred on the south-eastern platform and along the
southwest corner of the islet. Furthermore, an ordinary least squares regression model found that
elevation and distance to the shore explained just 9% of the variation in seal density. The spatial
regression model, however, found a notable correlation between seal density, elevation and distance
to shore (R2 0.77) which suggests the seal population on Martin Islet are spatially structured. In other
words, the presence or absence of a seal in a given location around Martin Islet is itself highly
dependent on the presence or absence of a seal in a neighbouring location. This appears to show
positive autocorrelation or abide by Tobler’s First Law of Geography: “everything is related to
everything else, but near things are more related than distant things” (Tobler 1970). The distribution
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of seals on Martin Islet may be related to ecological processes, that are in themselves spatially
structured. As our study site does not appear to play a role as a breeding colony, seals use sites like
Martin Islet to rest when foraging or to avoid predation (Kirkwood & Goldsworthy 2013; Arnould &
Kirkwood 2007). Thus, on a broader spatial scale, they are visiting the island for similar ecological
motives that explain their presence at Martin Islet and may be reflected in their resulting haul-out
behaviour.
Alternatively, the spatial structure of the seals could be merely due to the topography of the islet
itself, which determines the ease of access points up to the land from the water and the presence of
flat rock platforms for the seals to rest on. Therefore, the seals are forced to aggregate together on
topography that is suited to hauling out. Areas that display low relief and are relatively uniform have
been shown to be favoured by Australian fur seals hauling out on land, while more rugged and rocky
surfaces are favoured by Long-nosed fur seals (Shaughnessy 1999, Lourie et al. 2014). 80% of all seal
observations on Martin Islet occurred below an elevation of 4 meters above sea level. On the southeastern platform of Martin Islet, where the majority of seals were observed, the topography is
relatively uniform and remains under 3 meters above sea level. In contrast, the east portion of the
islet’s coastline is characterised by high relief and steep cliffs, that drop directly into the ocean. This
side of Martin Islet is also the most exposed aspect of the islet’s coastline, where wave energy is the
greatest. These are characteristics that do not seem favourable to Australian fur seals. Sorrel et al.
(2019) found that at Seal Rocks and The Skerries, off the southeast coast of Australia, the areas with
large aggregations of Australian fur seals and pups where characterised by relatively homogeneous
and low relief platforms. Similarly, at the Kanowna breeding colony off the Victorian coast, Lourie et
al. (2014) found Australian fur seal and pup density to be greater on low elevations and closer to the
shore, rather than on steep terrain. Studies of other species have also shown, similarly to this study,
that some seals significantly prioritise areas that have close access to the sea over areas further from
the shore (Twiss et al. 2001).
When the number of seals hauled out on the islet was low (March and April), the seals did not seem
to prioritise the flat south-eastern platform or particularly low-relief areas. It was not until May that
the first group of seals were observed on the south-eastern platform. This suggests that habitat
suitability may be evaluated differently by the seals at low densities. Similar findings were discovered
by Stevens & Boness (2003), who found that southern fur seals (Arctocephalus gazelle) in Peru
appeared to avoid open, low-relief habitat when seal densities were reduced. They suggest that the
reason this type of habitat is unfavourable at low densities may be the result of a ‘dilution’ effect on
disturbance or predation. The dilution effect states that as a group of prey animals becomes larger,
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the chance that any particular individual will be a victim to predation decreases (Foster & Treherne
1981). Additionally, as seal density increases, the space available for the animals to occupy decreases,
forcing them to spread to other areas.
While overall the seals did prioritise the low-relief areas of Martin Islet, a large part of the north side
of the islet is characterised by relatively uniform platforms of low elevation (Figure 3.14), yet no seal
observations occurred here. It is not clear why the seals did not favour this location; however, it may
be due to this section of the coast being embayed while the south-eastern platform is exposed, jutting
out to the sea. Hence, this embayed area may require greater energy expenditure for the seals to
access from the sea compared to the south-eastern corner. The location and use of access points onto
the islet may be an important factor in influencing the spatial distribution of seals across Martin Islet
as seen at other haul-out sites (Twiss et al. 2001). Twiss et al. (2001) found that seal density was higher
around defined access points than any other areas on the haul-out site. Figure 4.5 is a time-series of
two raw UAV images taken of a potential access point on the south-western corner of Martin Islet.
The UAV images show a seal that appears to utilise a fracture in the rock platform as a means to get
access to the islet.

Figure 4.5: UAV images showing two seals on the south-western corner of Martin Islet (outlined by a red circle) (A) and an
additional seal (outline by a blue circle) that appears to have used a wave combined with a fracture in the platform to
access the islet (B).

While the majority of seals hauled out in pairs or groups, there were a number of instances of lone
seals hauled out in more isolated areas during each monthly survey. There is a known behaviour of
some seal species to touch other individuals when resting. This is known as thigmotaxis and is
exhibited more prominently in sea lions than fur seals. However, A. pusillus (Cape and Australian fur
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seals) are known to show this behaviour when hauled out (Kirkwood & Goldsworthy 2013) (Figure
4.6). The Long-nosed fur seal, on the other hand, prefers to remain more isolated rather than within
close contact with a large group of seals. The lone seals observed hauling out on Martin Islet
throughout the monthly surveys could, therefore, be Long-nosed fur seals. However, confirmation
through higher resolution imagery (achieved by flying at a lower altitude) or more intensified boat
surveys would need to be conducted. Such behaviour has occurred previously in NSW at Montague
Island where the Long-nosed fur seals are known to haul-out in their own distinguished north-western
coastline, while the Australian fur seals tend to favour the north-eastern section of the island (Irvine
et al. 1997; Shaughnessy et al. 2001).

Figure 4.6: Australian fur seals exhibiting thigmotaxis (touching one another) (Source: Kirkwood & Goldsworthy 2013).

Storms are projected to become more frequent and severe in response to rises in sea level brought
on by climate change (McLean et al. 2018). McLean et al (2018) modelled inundation from storm
surges at Australian fur seal colonies from the year 2012 to 2100. By the year 2100, more habitat will
become inundated by a 1-in-10-year storm than a present-day 1-in-100-year storm. This could see
seals seeking higher elevations and or dispersing to new colonies that are at less risk of inundation.
An increase in pup mortality rates linked with storm surges could also increase, due to many breeding
colonies being characterised by low lying rocks that are susceptible to pups being swept off during
inundation from storm surges (Kirkwood et al. 2010; McLean et al. 2018). This could mean seals using
Martin Islet may haul-out at higher elevations or utilise different sections of the islet.

4.6

Hot spot analysis

A Hot spot analysis of Martin Islet determined areas of statistically significant spatial clusters of seal
observations based on the monthly counts from March to August 2019. Three major zones were
identified through the hot spot analysis covering a combined area of 2016 m2. Zone 1 and 2 occur in
southern corners of the islet and are composed of a majority 99% confidence hot spots. Zone 3 is
much smaller, covering an area of just 16 m2 on the northwest side of Martin Islet. These results echo
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the findings of the spatial regression, that the seals are spatially structured and appear to haul-out on
areas where the seals are physically capable of reaching (i.e. rocks that descend into the sea with a
low relief) and resting on suitable flat platforms.
The hot spot analysis map developed in this study identifies three clear geographic areas to focus
efforts on when managing the seals. In the event of an oil spill, for example, managers can assess the
potential impacts with knowledge of which areas of Martin Islet are particularly sensitive to the seals.
With Martin Islet being located just 4 km from Port Kembla Harbour, the seal population is particularly
vulnerable to oil spills and industry-based pollution. Port Kembla serves as a pathway for imported
raw material, steel products, and motor vehicle imports, while also acting as a major export port for
grain (Port Authority NSW 2019). If oil is spilt within close proximity to a haul-out site, seals are highly
likely to come into contact with the oil through going to the surface to breathe or from surfaces on
land (McIntosh 2014). Petroleum and other toxic components of oils are known to impact the seal’s
immune system or possibly have indirect effects such as bioaccumulation through the food chain
(O’Sullivan & Jacques 2001). Fur seals are particularly vulnerable to oil spills as the oil degrades their
coat’s insulative properties which can result in heat loss (O’Sullivan & Jacques 2001).

4.7

Study limitations and recommendations for future research

4.7.1

Limitations

The investigation into the fur seal population at Martin Islet highlights the use of UAV aerial surveys
as an effective monitoring tool for marine mammals that utilise terrestrial habitat. However, the
findings of this study were constrained by a few aspects that, ultimately, influenced the potential
depth of the dataset collected and the ability to analyse the population. Firstly, the number of monthly
UAV surveys completed, while covering a significant portion of the year, did not encompass each
season due to the time available to complete the project. Further surveys for each month of the year
would make it possible to track population dynamics comprehensively over time. Past studies of seals
within NSW indicate that population numbers have the potential to increase into months beyond the
scope of this study, thus, the analysis conducted could be further extended across a wider time period.
Secondly, our ability to conduct diurnal surveys across multiple days, or even at various months
throughout the year was constrained by the restricted nature of Five Islands Nature Reserve, weather
conditions (influencing boat transport to the site as well as affecting UAV performance) and reliance
on Port Kembla Marine rescue. Similarly, while the time of each survey was targeted to occur at the
same time and day across months, the factors stated above prevented this from occurring each time.
A more controlled and consistent time of day among surveys would help ensure possible variation in
seal counts due to environmental factors is minimised. Finally, as access to the islet itself was
prohibited, due to it being difficult to access and the potential disturbance of seals and breeding
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seabirds, ground control points were not collected to accompany the UAV surveys. This meant that
no direct, in-situ observations of seals could be made, or measurements taken from the field. Thus,
the DEM produced in this study was generated solely from geo-rectified UAV images.

4.7.2

Recommendations for future research

Through monthly UAV aerial surveys, the spatial and temporal distribution of the seal population at
Martin Islet was analysed across a six-month period from March to August. However, the spatial and
temporal analysis conducted in this study is only a preliminary investigation into the population
dynamics and species interaction with the islet. Clearly, further monitoring of Martin Islet’s seal
population is desirable, and should be spread across the year to include the summer months to ensure
that any further temporal shifts in seal usage of the islet are detected. It is known that the Australian
fur seals breeding and pupping seasons are an important time in the life history of the species,
occurring yearly and commencing in early summer (Kirkwood & Goldsworthy 2013). Therefore, further
monitoring into the new year would provide an understanding of this seal population’s behaviour into
the breeding season and the extent of its influence on Martin Islet. Although, if research is limited to
a shorter time frame, the best time of year to conduct annual surveys appears to be July or August,
however, counts on either side of these months would help determine any annual variation in haulout numbers. Additionally, increasing the monitoring effort to include repeat counts on all surveys will
improve the accuracy of population size estimates while providing a measure of uncertainty.
The most recent studies that have examined the seasonal occupation of fur seals at NSW haul-out
sites where those conducted by Shaughnessy et al. (2001) and Burleigh et al. (2008b) for which the
surveys of both occurred 20 years ago. There is an evident lack of knowledge of fur seal seasonal
habitat use within NSW, and thus, haul-out behaviour and numbers at Montague Island and Steamers
Head may have altered. Similarly, at breeding colonies in the Bass Strait, South Australia and Tasmania,
there is a focus on investigating the pupping season rather than seasonal variation. This is due to pups
being used to generate census’ of fur seal populations (McIntosh et al. 2018b).
Some studies have found that the number of seals ashore increases in accordance with rises in wave
height and wind speed (Burleigh et al. 2008b; Garlepp et al. 2014; Pemberton & Kirkwood 1994). At
Steamers Head, Australian fur seals were observed in greater numbers during stronger winds while
similar results were found at Seal Rocks off Victoria and at a southern Tasmanian haul-out site
(Burleigh et al. 2008b; Garlepp et al. 2014; Pemberton and Kirkwood 1994). Garlepp et al. (2014) and
Burleigh et al (2008b), however, also found an association between increased wave height and an
increased number of seals ashore with Garlepp et al. (2014) suggesting that the seal’s at-sea metabolic
costs may be amplified in response to high wind and wave action. The fact that UAV surveys conducted
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in this study were limited by weather conditions suggests that it would be challenging to adequately
compare the influence of environmental factors on seals using a UAV at Martin Islet. Other methods,
such as ground counts or aerial surveys from light aircraft, that are not as severely impacted by climatic
conditions or don’t require a vessel to access the site, might be better suited to target specific
environmental factors such as the influence of wind speed and wave height on seal numbers.
However, these methods are known to provide less accurate estimates of population size (Adam et al.
2017; Hodgson et al. 2018; Hollings et al. 2018). While the thermal survey conducted in this study
demonstrated a significant increase in uncertainty compared to regular RBG imagery, further
investigations that utilise thermal footage rather than images may prove to be more useful for
surveying the seal population on Martin Islet (Gooday et al. 2018; Spaan et al. 2019; Kays et al. 2019).
This approach may assist in overcoming the influence of Martin Islets dynamic topography on merging
thermal profiles.
While UAVs have been shown to be great tools for determining the abundance of a species, further
research is being conducted to gather more detailed information on seal populations. UAVs have been
used to determine age class variation among pinniped populations. Pomeroy et al. (2015) determined
the size of seals from UAV imagery and compared the results with field measurements. Measurements
determined through UAV images differed by as little as – 0.2 to + 3.4 cm in six ground measured seals.
Similarly, Krause et al. (2017) found length measurements of sea leopards from UAV imagery to be
accurate to within 2.01 to ± 1.06%. Achieving consistency of seal measurement is difficult, particularly
if the seal is not captured laying down. Measurements from UAV images are also limited by height and
location data given by a GPS. Such techniques could be investigated on Martin Islet to determine the
age and sex class composition of the seal population. However, in order to achieve similar
measurements to the studies mentioned, higher resolution imagery would be required, thus,
surveying at a lower altitude than 60 meters, which was used in this study.
Further research into combining machine learning with multi-temporal image comparative analysis
could reveal improved methodologies for surveying seals. While in this study a multi-temporal image
change-detection method was used to aid seal identification, integrating machine learning would
eliminate the time spent conducting counts and observer bias (Salberg 2015). Using a class of machine
learning known as deep convolutional neural network (CNN), Salberg (2015) was able to automatically
classify seals from their surrounding environment in aerial imagery with very high accuracy.
Identification of pups and adult seals had an average classification error of just 1.8%.
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5. Conclusion
Remote sensing allowed us to investigate a fur seal population at a remote site that was difficult to
access without disturbing the marine mammals and birdlife. UAVs show a unique potential for
achieving non-disruptive surveys of seal populations on offshore islands. UAV surveys of Martin Islet
spanning across six months from March to August have provided an insight into its seal population
that has previously not been recorded. The results of this study provide the first empirical evidence of
fur seal haul-out behaviour at Martin Islet, identifying temporal similarities to other haul-out sites
within NSW. The seal population at Martin Islet was found to increase in size from a few individuals in
March to a peak of approximately 100 seals in late July. The increase in observed seal numbers
corresponded with a decrease in seawater temperatures that have been found to be favoured
foraging conditions for Australian fur seals. On a diurnal scale, seals hauled out in greatest numbers
around midday, while the number of seals in the waters surrounding Martin Islet peaked at sunrise.
These findings align well with the nocturnal foraging behaviour of fur seals. However, haul-out
behaviour is found to vary across seasons and among species, thus, further diurnal monitoring is
required to better understand this population’s daily haul-out behaviour and the potential influence
of physical and biological factors.
A comparison of boat and UAV aerial survey methods highlighted the substantial advantage UAVs can
provide for ecologists and environmental managers over traditional monitoring methods. Our results
suggest that UAV-based surveys are more accurate in identifying seals on Martin Islet, particularly as
the number of seals hauled out increases. The view of the observer is more significantly impacted
during boat surveys while the topography of Martin Islet also favours aerial monitoring.
While the use of thermal sensors for UAV surveys has been shown to be successful investigating
relatively uniform environments, the varied topography of Martin Islet resulted in a greater degree of
uncertainty when identifying seals using thermal imagery compared to RGB imagery. The observer’s
ability to distinguish seals from the surrounding landscape was hindered due to the rocky surfaces of
the islet emitting thermal profiles that were of similar shape, size and temperature to the individual
seals. Utilising thermal footage rather than UAV images, as shown in the literature, could prove to be
more successful in monitoring seals at Martin islet.
The spatial distribution of seals across Martin Islet displayed positive spatial autocorrelation and
appears to depend primarily on the topographic characteristics of the islet itself. Throughout the
study, fur seals tended to haul-out in groups, favouring the southern coastline of Martin Islet on
relatively uniform areas of low elevation that are easily accessible from the water. This is reflected in
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the density and hot spot maps produced in this study, which outline clear areas that are particularly
sensitive to the seal population. It is hoped that these maps are used to guide conservation and help
assess potential human and environmental impacts on the islet’s inhabitants.
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Appendices
Appendix 1: Parameters used for AgiSoft PhotoScan.
Software version
Coordinate system
Alignment accuracy
Dense Point Cloud quality
Dense Point Cloud depth filtering
Model surface type
DEM source data

1.4.2 build 6205
WGS 84 (ESPG:4326)
High
Ultra-high
Aggressive
Height field
Dense cloud
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